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ABSTRACT
Th e  requirement for high quality steel especially high steel cleanliness has increased 
in recent years due to the rapid development of new technologies such as thin strip 
casting and new products such as ultra low carbon steel for deep drawing quality, 
which require high steel cleanliness. This has led to the development of the role of 
the tundish to enhance the removal of inclusions from steel.
Tw o  mathematical models have been developed to investigate the effect of various 
operating parameters on the removal efficiency of inclusions in a tundish. Th e  first 
model w as applied to predict the removal efficiency of the particle in a tundish 
without gas injection. Both models assumed that the fluid flow in the tundish 
consists of three regions; plug flow , mixed flow and dead flow region. In the plug 
flow region of first model, it was assumed that the removal efficiency of the particle 
was governed by Stoke rising velocity. Th e  removal of particle in the mixed flow 
region w as assum ed to follow the kinetics of the first-order law. Th e  dead region was 
not involved in the particle transfer process. Th e  second model was developed to 
predict the removal efficiency of particles in a tundish bubbled by gas. Th e  transfer 
process of particle in the plug and dead flow region were assumed similar to the first 
model. In the mixing region, it was assumed that the removal of particles mainly 
occurs due to the adhesion of inclusion to bubbles. Th e  flotation rate of the particle
IV
therefore w as assumed to be governed by collision efficiency between particles and 
bubbles.
Cold model experiments were carried out to validate the proposed mathematical 
models. It was found that, the results from the first mathematical model were in good 
agreement with the results obtained from cold model experiments for a tundish 
without gas injection. Both mathematical and cold model experimental results 
showed that the efficiencies of particle removal in a tundish slightly increased with 
increasing fluid depth and decreased with increasing casting rate. It was also found 
that the removal efficiency of the particles was greatly dependent on the particle 
size.
A s predicted by the mathematical model for removal of particles in a tundish bubbled 
by gas, the removal efficiency of particles in the tundish increased with increasing 
gas flow rates injected in tundish. Cold model experiments showed the similar 
pattern with this mathematical prediction. Cold model experiments also indicated that 
at high gas flow rate the removal of particles decreased because of the re­
entrainment of the particles.
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Th e  presence of non-metallic inclusions in steel frequently have detrimental 
effects on mechanical properties and surface finishing qualities. Th e  general 
ductility, fatigue strength and the notch toughness of high strength steels are 
decreased substantially by the presence of inclusions. Surface imperfections such 
as blisters, slivers and spot defects in enamelling and chromium plating steel, are 
also caused by inclusions. A s  a consequence, the reduction of inclusion quantity 
through their removal from molten steel is a serious matter of concern to 
steelmakers.
Recently steel cleanliness become more important as new technologies such as 
thin strip casting and new products such as ultra low carbon steels, which require 
high steel cleanliness, are rapidly developed. This has led to the development of 
the role of the tundish to enhance the removal of inclusions from steel.
In order to produce clean steel, the tundish has to not only behave as a simple 
transfer vessel between ladle and the continuous casting mold but it also as a 
continuous metallurgical vessel that allows for improvement in the metal quality
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through inclusion removal. In response to the increasing demand of higher steel 
cleanliness in recent years, several inclusion removal techniques in tundishes 
have been developed. These techniques could be broadly categorised into; 
Magnetohydrodynamics, Filtration, Flow Modification and Flotation.
Th e  work undertaken in this study investigated the flotation technique which uses 
fine bubbles to remove small inclusions from the tundish steel. Th is  technique has 
been deeply studied particularly in mineral flotation processes. In these 
processes, solid particles are separated based on the differences in their surface 
properties. Non-wetting particles will interact with bubbles and float out, while 
wetting particles remain in the solid-liquid system. Since non-metallic inclusions in 
steel behave as non-wetting particles, the question is how do inclusions interact 
with the bubble and whether these interactions influence the inclusion removal 
efficiency. Several studies on bubbling technique to remove non-metalHc inclusion 
in tundishes have been carried o u t however there is only limited understanding of 
how the injection of the gas influences the inclusion removal.
Tw o mathematical models were developed to study the effect of various operating 
parameters, such as casting rate, fluid depth, gas flow rate and bubble size, on 
the efficiency of inclusion removal in tundish. Th e  first model, mixing flow model, 
is based on the macroscopic approach where only global response of the system 
is considered. In this model, it was assumed that the fluid flow in the tundish 
consist of three regions: plug flow, mixing flow and dead regions. Th e  second
2
model, the flotation model, is based on the microscopic approach where the 
phenomena occurring at the bubble/liquid interface is described. It was assumed 
that the removal of the inclusion in bubble region in the tundish is mainly occur 
due to bubble-particle collisions.
To  validate the proposed mathematical models, cold modelling experiments were 
carried out. This technique has been used widely to study the fluid flow 
characteristics in tundishes and its effect on inclusion removal. It has been shown 
that this technique can model the fluid flow behaviour in a tundish accurately 
(Tacke and Ludwig; 1987, Yeh, et al., 1992;.OIegbusi and Szekely, 1987; 
Camplin et al. , 1991; Nakajima and Kawasaki, 1987; Marique et aL\ Nakajima et 
al., 1990; Martinez etai, 1986).
A  1:5 water model of a tundish, which satisfied the Fraud number criteria, was 
built to study some important parameters which influence the inclusion removal, 
such as volume flow rate of the melt, tundish depth, inclusion size, bubble size 
and gas flow rate. Th e  fluid characteristic in tundish was studied using Residence 
Tim e Distribution (R T D ) measurement and the removal efficiency of inclusions at 
various experimental conditions was investigated using polyethylene particles as 




Inclusions are inescapable components of all steels. Their presence greatly affects 
the resulting mechanical properties and the surface finishing qualities of the steel 
products. It has become the aim of steelmakers to eliminate undesirable inclusions 
and control the nature of the remainder to optimise the properties of the final 
products. In order to achieve this aim, it is appropriate to understand the origin of 
non-metaliic inclusions and the influence of non-metaliic inclusions on the properties 
of the steel as well as their behaviour in steel melt.
2.1 The Origin of Non-metaliic inclusions
Th e  inclusions in the steel can be broadly categorised into indigenous and 
exogenous inclusions (Sims, 1944; Baeyertz, 1947). Indigenous inclusions are non- 
metaliic materials which form by deoxidation and desuiphurisation reactions in the 
molten metal during steelmaking process. Th ey are composed particularly of oxides 
and sulphides. Exogenous inclusions are non-metaliic materials that are inadvertently 
entrapped in the steel from material with which the molten metal com es in contact
4
during its passage from furnace to ladle to mold. Their principal sources are liquid 
slags and the erosion of the refractory materials used in the ladle and tundishes. 
Exogenous inclusions are therefore generally composed of oxides and characterised 
by a generally large size, sporadic occurrence, preferred location in casting, irregular 
shape and complex structure (Kiessling, 1978; Case and Van Horn, 1953).
Th e  above division, according to Kiessiing (1978), is an oversimplification because 
exogenous inclusion may also act as heterogeneous nuclei on which indigenous 
inclusion may precipitate. Yavoiskiy (1971) divided inclusions into three types; (i) the 
inclusions nucleated at the temperature of deoxidisers addition, (ii) the inclusions 
formed at the cooling to liquidus temperature due to change of equilibrium constant, 
and (iii) the inclusions formed at the temperature interval from liquidus temperature to 
solidus temperature. This division only regards the inclusion as a result of reaction 
between elements in the steel and excludes inclusions from other sources such as 
refractory and slag.
W hatever their classification, clearly the presence of non-metallic inclusions in steel 
is inevitable consequence of the methods and equipment used for melting and 
refining process. Possible sources of inclusions in steel are from the deoxidation 




Th e  process of inclusion formation during deoxidation of molten steel can be divided 
into three periods: reaction and formation of nuclei, growth of the inclusions, and 
separation of inclusions from molten steel by flotation (Pom ey and Trentini, 1970, 
Kusukawa et al., 1971, Parkers, 1979).
In the first period of inclusion formation, two mechanisms are possible: homogenous 
nudeation and heterogeneous nucléation. Homogenous nudeation takes place in the 
steel without assistance of impurities, yet heterogeneous nudeation occurs with the 
aid of a substrate.
If a deoxidant M, which forms an oxide M xOy by reaction with dissolved oxygen, is
added to a molten steel bath, the thermodynamic driving force (A G ) for produdng the 
reaction p ro dudis
A G  = R T  In apy aMx + A G (2 .1)
w here ao> and aM xOy are the activity of oxygen, deoxidant M and oxide M xOy in
the molten steel respectively and AG° is the molar standard Gibbs energy for the 
reaction
6
MxOy <====> xM + yO (2.2)
Equation (2 .1 ) is often written in the form
AG = RT In Kgct - RT In Kg
— RT In Kggj/Kg (2 .3)
a ^ y  rX
where Kgct is the constant of the reaction, which is defined as ; ■ at the
actual condition, and Ks is the equilibrium constant of the reaction, which is defined
as the aM  at the equilibrium condition. Th e  ratio of Kgct and Ks is known as 
aMxOy
supersaturation.
If M xOy is precipitated homogeneously, the total energy Gibbs to form a spherical 






where A G n is the bulk energy per mole, V m is the molar volume of the new phase, r
is the radius of the particles and o is the interfacial tension between the matrix and 
the new phase. Th e  critical radius (r*) in which the smallest nuclei will grow 




Th is  gives (Engh, 1992)
r *  =  ^ ^Ym _ 2 <rVm
AG RTlnKact/Ks (2.6)
Equation 2.6 shows that the higher the supersaturation of O  and M, the smaller r* 
becomes. Conversely, if the concentration of O  and M are so low that they are at the
equilibrium condition with bulk MxOy, r* becomes very large (infinite). Th is means
that homogenous nudeation of MxOy in the melt cannot be expected. Th e  related 
G ibbs energy to form this nuclei is (Engh, 1992)
16 7Ü or3 Vm2
2 (AG)2




If a spherical cap of M xOy is formed heterogeneously on a planar substrate, as
schematically shown in Figure 2 .1 , the critical free energy of nucieation AGhet ‘s 
(Engh, 1992)
A^het = (^13 A jj + 0"23 A23 -  ^ 12 ^ 12 )/^  (2.8)
W here A -13 is the spherical surface (with radius r-j 3*) between phase 1 and 3 , A 23 is 
the area of the spherical cap between phase 2 and 3, A 12  is the reduction of 
interfacial area between phase 1 and 2 caused by the presence of ions and 0 -13,
o 2 3  anci <*12 is the interface tension between phase 1 and 3, phase 2 and 3 and
phase 1 and 2  respectively. Th is  equation analogues to equation (2.7) which shows 
that the critical free energy of nucieation is equal to the surface energy of the critical 
nucleus divided by 3. According to Young-Dupre equation, the interfeciaf tension at 
heterogeneous system, as schematically illustrated in Figure 2.1  is,
0 12  -  023 -  <*13 COS 9 = 0 (2.9)
Since A 12  = A 23 , substitution Young-Dupre Equation into equation (2 .8) gives
9
Phase 1: liquid
F ig u re  2 .1 : interfadai Tension at Heterogenous System
(Engh, 1992)
(2.10)An* a 13(A 13 “  A 23 ^A G het = --------------------------------------
The spherical cap surface A 13 and the plan surface A 23 may be obtained in terms of 
the radius curvature r13,
♦ ♦ 2 
A j3 = 2 ;rr13 h =  2 ;rr13 (l-c o s # ) (2 - 11)
and
* L ^
A  23 = ^t 13 sin # (2.12)
Substitution these areas into equation (2 .8) gives






Substitution equation (2.7) to the above equation results (Engh,1992)
3 0009 03163097 8 11









For 0 <0<18Q the value of
f sin2 ¿A
1 - co s# -co s# ---------  will be between 0 to 1. Therefore
k 2 J
the Gibbs energy of formation of a critical nucleus in heterogeneous nucléation is 
less than that of formation of spherical nucleus in homogenous nucléation. In other 
words, supersaturation required for a homogenous nucléation is always less than 
that for a heterogeneous nudeation.
In normal industrial practice, heterogeneous nudeation is the more likely occurrence. 
By use of equations (2 .6 ) and (2.7), Turkdogan (1972) showed that for liquid iron- 
mangan-siiicon system with the interfacial energy is in the order of 800-1000 
2
ergs/cm and the supersaturation required for homogenous nudeation of
manganese silicate is within the range 500-4000 ergs/cm2. Th e  required 
supersaturation in actual condition is usually very small.
Turkdogan (1966, 1972) calculated, using equilibrium data, that the supersaturation 
needed for nudeation of manganese silicate from steel containing initially 0.05%  O, 
which is deoxidized by 0.43%  Mn and 0.10%  Si at 1600° C , is 34. This 
supersaturation is much lower than the critical supersaturation of about 500 or more 
needed for homogenous nudeation of molten manganese silicate. Turkdogan (1972)
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pointed out that deoxidiser in fact usually contains oxide particles which can act as 
nucléation sites.
W audby (1979) studied the nucléation of aluminium oxide during deoxidation 
process. He found that the composition of inclusions changes with time. Initially, an 
addition of 0.5%  Al w as made to high purity iron which had been melted containing 
about 0.16%  oxygen with a very low residual content. Th e  deoxidation was carried
out at 1600° C  in a 51 kg induction furnace using a magnesia lining. Spherical, single
phase particles, containing up to 10%  M nO and approximately 10%  AI2O 3 , were
observed in the sample taken two second after aluminium addition. In samples taken 
six and ten second after aluminium addition another type of deoxidation product,
consisting of spinnel-like composition (FeM n)O .Al2Û 3 surrounded by a rim 
containing 70 -10 0  %  AI2O 3 , were observed. Te n  seconds after aluminium addition,
the glassy, single phase particle containing 70%  AI2O 3 were present in the m elt Th e
final type of deoxidation product observed was alumina which w as present in the 
form of dusters at the sample taken 15 seconds after aluminium addition. Within
these dusters, glassy alumina indusions containing 70%  AI2O 3 w ere present It is
postulated that this phenomenon might be caused by the difficulty of homogenous
nudeation of AI2O 3 which grows heterogeneously on the substrate present at the
melt (W audy,1979).
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The similar result also has been reported by Straube, Kuhnelt and Plockinger (1976) 
in studying deoxidation of an iron-manganese melt by aluminium. Th e y observed
very small inclusions of FeO , containing some MnO and AI2 O 3, at the sample taken
within 1 second of the aluminium addition. These inclusions quickly changed to larger
inclusions of a uniform composition containing 50% AI2O 3 . Later samples, inclusions
comprising a core containing AI2O 3, F e O  and MnO, with pure alumina outer layer
were observed. Th is  phenomenon again shows that heterogeneous nudeation is the 
more likely occurrence due to the lower supersaturation needed for heterogeneous 
nudeation than that of homogenous nudeation.
In the second period of indusion formation, the growth of indusion begins as soon as 
the nuclei have been formed. TorsseH’s (1967) study on the growth and separation of 
particles in liquid iron showed that collision processes have an important role in 
determining the indusion distribution in a steel bath. In this study the indusion size 
distribution during silicon deoxidation w ere obtained from samples taken from a 0.6
kg iron bath, which w as held at temperatures between 1630 and 1650° C , at various
times after the addition of silicon. Partide counting technique was used to determine
the distribution of indusion size. Torsseli (1967) found that the number of particles at
7 8
the first sampling, 10 sec after silicon addition, was the order of 3 x 10 to 10 per 
3
cm , with the largest partides having a radius of 2 to 4 pm. During subsequent
14
holding the largest particles increase their radius by a factor of 10 after about a 
minute, and the whole size distribution was displaced towards larger values.
Lindborg and Torrsell (1967) have calculated, based on the number of particles 
observed in the Torssell experiment (1967), that after 1 sec less than 0.001 of the 
original oxygen is available for precipitation. Th e  inclusion cannot then grow any 
further by diffusion and precipitation of dissolved oxygen. They also calculated that 
the rate of growth caused by diffusion coalescence is slow in relation to other 
processes in deoxidation and is only likely to play a fairly significant role after long 
treatment times (>30 min). Lindborg and Torssell (1967) proposed five mechanisms 
of inclusion growth to explain the experimental results, as schematically shown in 
Figure 2.2. W hen the deoxidation metal is added, the precipitation of small particles 
takes place rapidly. These small nuclei grow by diffusion and through collision due to 
Brownian movements of the deoxidation products. These processes should finish a 
time that is short compared with the total deoxidation time. It must be concluded that 
the inclusion then grow by means of collision owing to movement in the bath and 
differences in the rate of ascent
Th e  important role of the collision process in the growth of inclusions is also reported 
by Kusukawa et al. (1971) and Iyengar and Philbrook (1972). Kusukawa et at. (1971) 
showed that coagulation of inclusions occurs at the initial stage of deoxidation of 
liquid iron by calcium cilicide. This result w as obtained from microscopic observation 
of samples taken at certain intervals after the addition of deoxidiser into electrolytic
15
Figure  2 .2 : Characteristic of Inclusion Growth during Deoxidation Process
(Lindborg and Torsell, 1968)
16
iron, which was melted to 1600°C in an alumina crucible using a high frequency 
induction furnace. Iyengar and Philbrook (1972) reported that many inclusions with 
radii larger than postulated by Stoke’s law criterion exist in the steel after holding the 
melt for a prolonged time. They suggested that these larger inclusions form by 
collision and coalescence of inclusions in liquid steel. This result obtained after 
analysing inclusion size distribution by a Coulter counter of samples taken at height 
of 0.025 m from the alumina crucible bottom after the addition of powder silicon into 
liquid iron at 1550 to 1600°C. The  melt was stirred by argon for 30 to 45 seconds 
before sample was taken. The size distribution analysis of the inclusion in sample 
showed that the diameter of inclusions present in liquid steel immediately after 
deoxidation range varied from less than a micron to greater than 30 microns.
With increasing time, inclusions above certain a diameter disappear from the melt, as 
would be expected from Stoke’s law criterion. However, a detailed analysis showed 
that inclusions which are larger than predicted by Stoke’s Law exist in the m elt It is 
therefore suggested that collision process has a significant role during the growth of 
inclusion (Iyengar and Philbrook, 1972).
Th e  third period of inclusion formation, which is elimination of inclusions from molten 
steel, is one of the most complex. Several models have been proposed to explain 
behaviour of inclusion in this stage. Lindborg and Torsseii (1968) developed a 
collision model for the growth and separation of deoxidation products in stirred melts 
based on (a) collision as a result of large particles collecting smaller particles as they
17
rise in accordance with Stokes law and (b ) collisions as a results of velocity 
gradients. Calculated particle distribution obtained from the model was compared 
with the results from Torssell’s experiments where the oxygen content of the steel 
was reduced from 0.115 to 0.010 pet by addition of silicon. Th e  equilibrium silicon 
content in the experiment was 0.35 pet. Th e  steel melt was held at a temperature 
between 1630 and 1650°C and was stirred by the high frequency heating. Th e  
distribution of inclusions size was obtained by the particle counting technique from 
samples taken at certain times. Calculated particle size distribution showed good 
agreement with measured values for the initial stage of deoxidation, but over 
estimated the population of larger inclusions as stirring continue. Nicholson and 
Gladm an (1986) claimed that the discrepancy was probably because inclusions were 
assumed to be removed only by flotation to the surface and not by entrapment on the 
reactor wall.
Linder (1974) developed a mathematical model of inclusion removal from steel melts 
under turbulent conditions which takes into account the removal of the particles by 
entrapment to the wail. This model w as developed based on the mechanism of 
inclusion growth in the melt proposed by Lindborg and Torssell (1968). Th e  overall 
removal rate of the inclusions according to Linder’s model is determined by the 
collision rate in the system, the rate of inclusion removal toward the wall and the rate 
of inclusion removal by gravitational force. Linder (1974) claimed that these two last 
mechanisms have the largest effect in the early period of inclusion removal and, at 
the moment when for instance 90%  of the inclusions are removed, the effect of those
18
mechanisms is not as pronounced. Th e  estimated removal obtained from the model 
was compared with results obtained from an investigation on a 30-ton A S E A -S K F  
furnace with inductive stirring at the Domnarvert Steel Plant. An electric arc furnace 
produced steel (composition C =0.2% , M n=0.3%  and S i= 0 % ) which was then alloyed 
with manganese up to a content of 0.5% . Th e  steel was tapped into the A S E A -S K F  
ladle and during the tapping silicon was added as 7 5 % Fe-25% S i. Before starting the 
inductive stirrer two samples for oxygen analysis were taken out. Th e  stirring was 
then varied in four experiments (100% , 75% , 50%  and 4 0 %  of full power) and the 
oxygen content as function of time was measured. Th e  agreement between 
experimental and predicted results were good. Both results showed that increasing 
stirring power increased the rate of inclusion removal.
Th e  effect of stirring power on the inclusion removal also studied by Engh and 
Lindskog (1975). They developed a model which describes the separation rate of 
inclusions as a function of specific stirring power. Th e  model is based on the use of 
the eddy diffusivity concept to calculate the inclusion removal rate to the walls. It was 
shown that the rate of inclusion removal is a function of the specific stirring power 
and the particle size. This calculated value was compared with experimental results 
for A! deoxidation in plant scale experiments with electromagnetic stirring and gas 
stirring. Th e  experiments w ere carried out in A S E A -S K F  ladle furnaces at Fagersta 
and Oxelosund. A t Fagersta, 60-ton stainless steel, which had the analysis 0.0 1 -  
0 .0 2 % C , 0 .1 -0 .4% Si, 0.7-1.4%M n, 17-19% Cr, 9 -1 1% N i and 60-95 ppm O, was 
stirred by argon with a porous plug place in the center of the bottom of the ladle and
19
with 2 electromagnetic stirrers. Th e  height of the melt was 1.7 m and the diameter 
2.4 m. During the addition of Ai, the melt was stirred by gas injection in order to 
completely dissolve the aluminium in the steel bath. A t Oxelosund, 140-ton carbon 
steel melt, which had the analysis 0.10-0.13% C, 0.1 - 0.2 % S i, 0.5-1.4% M n and 30-90
ppm O , was stirred by one linear electromagnetic stirrer with stirring power of 29 to 
3
138 W/m . A t Fagersta 0.1 % A I was added and at Oxelosund 0.05-0.07%  AI was
added. Th e  furnace lined with a high alumina lining and with magnesite in the slag 
line was used in the experiment Samples were taken to study the change in total 
oxygen content in the melt just before the addition of aluminium and at short intervals 
after that time. A  vacuum fusion method was used to analyse oxygen content in the 
sample. Th e  results from these experiments showed that the rate of removal of oxide 
inclusion increased with increasing stirring power used in the experiments. The  
calculated values obtained from the model tend to be too high than that of the 
experimental results, however these calculated values are still in acceptable 
accordance with experimental results. Th e  discrepancy between the model and 
experimental values may be due to simplifications in the model such as immediate 
adherence of inclusions at the wail.
In conclusion, the rate of inclusions removal from steel melt are governed by the 
following parameters; (i) size of the inclusion, (ii) surface characteristic of the 
inclusion, (iii) collision process and (iv) stirring conditions in the m elt
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2.1.2 Teeming Practice
During teeming practice, inclusions in steel are increased due to reoxidation of the 
steel stream, the erosion of the refractory and slag carry over. Reoxidation of the 
teeming stream is one of the main causes of inclusions in steel (Tanaka et al., 1993; 
Ohno, et a/.,1975). Tanaka et al. (1993) reported that air oxidation of the molten steel 
in tundish is the biggest factor of contamination. Th is  result was obtained after 
quantitative evaluation based on the inspection of inclusion by continual metal 
sampling in the tundish at Yawata W orks of Nippon Steel Corporation. Th e  tundish 
was sealed by argon gas blowing to decrease the oxygen level in atmosphere which 
was nearly 5 vo l% . Samples of molten steel at a 0.4 m depth below the surface were 
taken from three heats of Al-killed Steel (0.05% AI) at inlet and outlet of the tundish. 
The inclusion number was investigated in an optical microscope and their 
composition was determined by using an electron micro analyser (EPM A). Th e
EP M A results showed that the inclusion in the tundish were pure AJ2O 3 for cluster
and lump-shape inclusions and C a0 -A l20 3  for cubic shape. Th e  number of AI2O 3 
inclusions, measured by an optical microscope, w as higher at the outlet than that in 
the inlet of the tundish while the number of slag type inclusion (C a0 -A l20 3 ) is less 
than in the outlet than those in the outlet. Tanaka (1993) claimed that the increase in 
the number of AI2O 3 type inclusions is due to the air oxidation.
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Ohno et al. (1975) reported that the amount of inclusions increases 2.5 times 
between the ladle and the tundish. It was suggested, based on the inclusion 
composition, that reoxidation of the melt stream by air is the major cause of increase 
in the amount of inclusions between ladle and tundish. Th is results was obtained 
after carrying out experiments using A l-S i killed steels for plate containing 0.7 to 
0.8%  of Mn. Samples w ere taken from ladle and tundish at a depth of 1 m, 30 cm, 
and 10 cm from the surface. It was found that, between the ladle and the tundish, the 
amount of comparatively small inclusions increased. Most of these were M n O (Fe O )-
AI2O 3-S 1O 2  inclusions resulting from reoxidation of the melt stream while pouring
from the ladle into the tundish. Ohno et al. (1975) reported that the amount of 
inclusion can be reduced to 40-70%  by sealing the stream with argon gas. They also 
found that the extent of reoxidation is inversely related to the carbon content of the 
steel, due to the fact that carbon reacts with some of the oxygen and thereby creates 
a protective shroud of reducing carbon monoxide gas which inhibits ingress of 
oxygen, in much the sam e way as argon.
Th e  protection of the steel stream can also be carried out by use of refractory 
pouring tube. Demasi and Hartman (1986) found a reduction in the average oxygen 
content of the melt and a consequent reduction in the num ber of alumina inclusions 
with the incorporation of a shroud ladle stream. Th e  average oxygen content of the 
bath with shrouding was 20 to 25 ppm compared to 40 to 45 ppm in the absence of 
stream protection. It w as found that 91%  of the sulphur print samples use for 
inclusion content evaluation were free of alumina clusters with the use of shrouding.
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Another source of inclusions during teeming practice is the erosion and corrosion of 
the refractories. Erosion is the mechanically breakdown of the refractories while 
corrosion refers to the chemical breakdown. Erosion often occurs during filling up of 
the tundish at the first heat where the teeming stream impacts directly on the impact 
pad and splashes on to the surrounding refractories. Som e of the refractories are 
spelled off and washed along with the steel stream. It is for this reason that most 
casting plants down grade the first of the steel cast to the lowest grade regardless of 
the grade being ca s t There  have been attempts to reduce the erosion of the 
refractories due to the teeming stream by turbulence inhibiting pouring pads (Bolger, 
1994; Isenberg, 1994).
Contact between molten steel and refractories during teem ing practice also can 
result in formation of inclusions. Som e studies showed that m anganese content in 
carbon steel has significant effect on the corrosion of refractories (Aratani, et at., 
1973; Nicholson and Gladm an, 1986). Aratani et a/. (1973) reported that the 
corrosion of the silicate refractory becomes marked with melts containing more than 
1%  Mn due to the increase of the following reactions;
2 Mn + S/O2  (in refractory) — > Si+ 2 (MnO) (2.15)
(MnO) + Si0 2  (in refractory) — > manganosiiicate (2.16)
manganosiiicate +  Al — > manganoaluminosilicate (2.17)
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Th e  above mechanism has also been reported as the cause of corrosion of fused 
silica nozzles used in the continuous casting process of A l-S i killed steels (O hno et 
a/., 1975). Ohno et al. (1975) investigated the amount of erosion, composition and 
microstructure of eroded part of the fused silica tundish nozzle on 16 charges which 
differed in casting conditions and molten steel composition. Th e  amount of erosion 
was measured by the water immersion method and the change in the composition of 
the eroded part was observed using EPM A. It was found that the erosion rate 
increased with increasing Mn content and molten steel temperature. Microscopic 
observation and E P M A  analysis showed that the structure of the eroded part, in the 
range from 100 to 300 pm from the contact surface of molten steel, forms a
transmuted layer consisting of 33 to 4 2 %  of M nO, 19 to 21 %  of AI2O 3 , 32 to 37 %  of
Si0 2  and 2  to 7 %  of FeO . Th is  composition is dose to the eutectic line between the
spessartite and galaxite or corundum, which has a melting point of approximately 
1200°C. Since the melting point is lower than the temperature of the molten steel, 
erosion of the nozzle can easily occur. Ohno et al. (1975) reported that the use of 
high alumina graphite immersion nozzle, which is inert at the experimental conditions, 
can reduce the amount of indusions in a slab by 1 /20.
Th e  formation of large indusions in steel products can also be caused by the carry 
over of the slag particles to the mold by the flowing melt stream. Som e works to 
investigate the carry over of the slag partides have been done and dearly 
demonstrates the importance of the bath depth in the tundish, espedally during the
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ladle changes, on the rate of slag entrainment by the melt flowing to the mold 
(Tsubokara et al, 1985). At low melt depths which occur when the tundish drains by 
itself, vortexing occurs which carries a part of the tundish slag layer through the 
tundish outlet to the mold. Onishi et al. (1983) reported increasing slag entrainment 
during ladle change at conventional practice, which carried out at 1.05 m at steady 
state operation and failing down to 0.7 to 0.8 m during ladle change. In this study
C e20 3  was added as a tracer to the ladle, while La2C>3 was added to the tundish.
Th e  mold slag was analysed for the tracer to detect slag entrainm ent It w as shown 
that there was no carry-over of ladle slag into the mold and tundish slag was carried 
down to the mold, especially at the ladle change.
Onishi et al. (1983) also demonstrated that increasing melt depth from 1.05 to 1.25 
m, falling to 0.9 to 1.05 m during ladle exchange, greatly reduced the tundish slag 
carried down into the mold. Similar conclusions were reached by Cram b and Byrne
(1984) from both water model studies and actual plant trials. C e0 2  w as added as a
tracer in the tundish slag and the mold was analysed for the tracer to detect tundish 
slag entrainment. It w as shown that the majors sources of slag entrainment are; (i) 
open pouring of steel from the ladle to the tundish, particularly around the ladle 
change, (ii) full coverage of the turbulent area around the ladle shroud by a liquid 
slag during normal shrouded pouring, and (iii) steel pouring at a low tundish level, 
when vortexing tends to occur in the vicinity of the stopper rod.
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Cram b (1990) suggested the following steps be taken to reduce the incidence of slag 
carry-over; (i) avoid open stream pouring from ladle to tundish, (ii) avoid steel pouring 
at low tundish levels because of the possibility of vortexing, usually at tundish levels 
below 0.50 m, (iii) reduce turbulence around the ladle shroud during shrouded 
pouring and (iv) eliminate pouring from ladle to tundish, when the shrouds are not 
fully immersed in the bath.
These studies indicate that whilst it is realistic to accept that inclusions in the steel 
melt are inevitable, their quantity and size to a certain degree can be controlled.
2.2 The Effects of Non-metallic Inclusion on Steel Properties
Th e  purpose of improving steel cleanliness is to obtain better steel properties. A s  far 
as exogenous inclusions are concerned, their presence should be avoided due to the 
harmful effect on steel properties. For indigenous inclusions the problems is much 
more complicated. These inclusions are mainly formed by oxygen and sulphur 
presence and their presence, therefore, can never be entirely avoided. Furthermore 
the presence of inclusions in steel does not always have detrimental effect on the 
steel properties, they m ay even im prove certain properties of the steel. For free 
cutting steels, sulphur is added to im proved steel machineability. Th is  section, 
however, is focused on the severe and damaging properties of common inclusions in 
the steel.
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There are two importance factors determining the effect of non-metallic inclusions on 
steel properties; the geometry of the inclusions, i.e. the size, shape and distribution 
of the inclusions, and the nature of the inclusions, that is the inclusion properties in 
relation to the properties of steel matrix.. Both factors will be discussed sequentially 
in this section.
2.2.1 Geometrical Factors
It has been reported in several papers (Kiessling, 1978; Roesch, et al.} 1966; 
Gladm an1992) that the size, the shape and the distribution of inclusions greatly 
affect the properties of steel products.
A  fundamental study on the influence of the size of A l20 3 -indusions on tensile
properties was carried out by Roesch et al. (1966) using artificially introduced AI2O 3
inclusions. They found that the effect of the particles on tensile properties depends
on the particle size. For AI2O 3  particles in the size range of 15-35 pm , the effect of
these synthetically introduced particles on the tensile properties of pure iron, as 
shown in Figure 2 .3 , are; (i) suppress the upper yield point, (ii) decrease the elastic 
limit and the ultimate tensile strength and (iii) decrease the ductility. Tho se  results 
become pronounced as the proportion of the particles increases. In contrast to the 
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Figu re  2 .3 : Th e  Effect of Particle Size on Tensile Properties of Pure Iron
(Roesch etal, 1966)
and tensile strength as a result of the decreasing interparticle spacing. Th is  effect is 
in agreement with Orowan’s model and well known as dispersion hardening effect.
Duckworth and Ineson (1963) studied the influence of AI2Û 3 inclusions on fatigue
failure using artificially introduced AI2O 3 inclusions. Th e y found a relationship
between inclusion size (d) and fatigue live, provided that the inclusions are not 
situated in the steel surface and that they are above a critical size. Th is  relationship 
could be expressed as :
d = Kf3 (2.18)
w here Kf is the strength reducing effect defined as the ratio of the fatigue limits in a
steel without and with inclusions of diameter d. Duckworth and Ineson (1963) 
reported that the critical inclusion size depends on the distance of the particles to the 
steel surface and increased from 10 pm  just below the surface to 30 pm about 100 
pm  below the surface. If the inclusion size w as less than critical size, there w as 
no influence of the inclusion presence on the fatigue life.
T h e  similar result was reported by Shih and Araki (1973) in studying the effect of 
non-m etallic inclusion on the fatigue properties of the high strength carbon steel by 
alternate bending with a unidirectional stress amplitude. Th e y  found that the 
nucleation site of the main crack is associated with an inclusion larger than 20 pm ,
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that are either exposed on or embedded just beneath the specimen surface. Sm aller 
inclusions were found to be unimportant for crack nucléation but may have 
contributed to fatigue propagation. Th e y  found that the propagation rate decreased 
with increasing steel cleanliness.
Clearly, inclusion size is one of the important factors determined the quality of 
continuously cast products. Since different levels of cleanliness are required for 
different applications, there have been attempts to determine critical inclusion sizes 
for different inclusion types and for steel in different environments and stress 
conditions. For example; Komai and Miyamura (1987) studied the inclusions which 
induce flange cracks in the manufacturing of drawn and ironed cans. Th e y found that
C a O - AJ2O 3 inclusions with 50-150 pm in size are the prime cause of flange cracks
occurring during can forming. These inclusions, being hard, are not easily deformed 
during roiling. Since the steel is reduced to 170 pm in thickness by drawing and 
ironing during Dl can production and also lowered in ductility by work hardening, 
cracks are readily formed initiated at inclusions bigger than 50 pm ..
Regarding the inclusion shape, it is reported that angular inclusion are more 
damaging in fatigue properties of the steel than rounded one (Uhrus, 1963). Th is  
result was obtained from microscopic analysis carried to study the effect of inclusions 
on fatigue life of ball bearing steels com posed 1 % C  and 1.5%  Cr. Uhrus (1963) 
found that sharp-edged oxide inclusions are very often observed as the starting point 
for the cracks. Pickering (1979) also reported that the shape of inclusions has strong
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effect on the ductility of steels. Th e  elongation of inclusion during hot working, which 
takes place for many phases, has shown to be of particular significance. Inclusions 
elongated in the tensile directions are far less harmful for ductility than disc or rods 
which are oriented perpendicular to the tensile direction, as shown in Figure 2.4.
2.2.2 Influence of the Nature of the Inclusion
Plastic formability and coefficient of thermal expansion are two important factors 
determining inclusion effects on steel properties.
Plastic formability of inclusion, as compared with the plasticity of the steel, has a 
great effoct on the steel behaviour. If the steel phase and inclusion are not working 
together during alt hot and cold working operations such as forging and rolling, 
extrusion, deep drawing, drawing, and machining, the inclusion will be a potential 
source of future defects of finished products. Conversely, inclusions may also 
enhance steel properties such as machineability, by their ability to participate in the 
plastic flow of the two phases (Kiessling, 1968). Th e  importance of the plastic 
formability of inclusions has been the subject of a number of studies (Scheil and 
Schnelt, 1952; Pickering, 1958; Malkiewicz and Rudnik, 1963).
Scheil and Schnell (1952) demonstrated the different behaviour of oxide and 
sulphide inclusion under several deformation conditions. Th ey found that Fe-M n- 
Silicate inclusions are undeformed at low temperature, but their deformation 
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inclusions (M nS ) deform in a manner similar to the steel matrix at all temperature for 
a lower compression ratio, but for a compression ratio higher than about 6 the 
sulphide inclusions deform less than steel matrix (Kiessling, 1978). Pickering (1958) 
found that the length-width ratio of inclusions is constant for any section parallel to 
the major axis of the ellipsoid, when a spherical inclusion is deformed by hot 
deformation. Th is  idea has been developed further by Malkiewicz and Rudnik (1963). 




where Et is the true elongation of the inclusion and Es the true elongation of the
steel. Th e  values of v  can change from zero, for inclusion not deformed at all during 
working of the steel, to unity for inclusion which elongate equally to the steel.
Considering the index of deformability, Kiessling (1978) have classified inclusions in 
steel into five categories, as shown in Figure 2.5. Th e  first group include Fe O , M nO, 
and (F e ,M n )0  which are plastic at room temperature but gradually lose plasticity
above 400°C. Th e  second group is AI2O 3 and Ca-alum inates which do not deform at
temperatures of interest in steelmaking. Th e  third group is double oxides of the
spinnel type, A O -B 2O 3 , which cannot be deformed at steel forming temperatures but
can be deformed at higher temperatures (>1200°C). Th e  fourth group is silicates
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Fig u re  2 .5 : Influence of Tem perature on the Plastic Deformation of Different 
Inclusion Types as Compared with Steel (Kiessling and Lange, 1978)
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which cannot be deformed at room temperature but can be deformed at higher 
temperatures. Generally, increasing Si0 2 , Ca, and Fe content in inclusions results in
increasing deformable temperatures, whist decreasing Mn results in decreasing 
deformable temperatures. Th e  last group is M nS which is highly deformable up to 
1000°C but becom es slightly less plastic beyond this temperature. Th e  above data is 
very important to enable investigators to determine between harmful and acceptable 
or even desirable inclusions (Pom ey and Trentini, 1970).
In investigating discontinuities in hot rolled steel caused by non-metal lie inclusions 
Rudnik (1966) found the following results: (i) for inclusions which has deformability 
index dose to 1 , that is the indusion has the same change in length as the steel 
matrix, the binding forces at the indusion/steel interlace are never broken and 
discontinuities in the steel caused by indusions are not observed. If this index 
decreases, the indusions do not elongate uniformly during hot working and stresses 
increase at the indusion/steel interface which may lead to cracking.
It is important to notice that the deformability index of indusion is also influenced by 
the geometry of indusions. Kiessling (1978) reported that small particles tend to 
deform less readily than large ones and they generally only start to deform at low 
temperatures and large reductions.
During cooling to ambient temperature, if the inclusion and the steel matrix have a 
different coefficient of thermal expansion, they may either lose contad with one
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another or become stressed if they remain in contact (Gladm an, 1992). Andrew s 
(1973) has studied extensively the stress generated during the cooling of the steel 
for both spherical and cylindrical inclusions. His study demonstrated that: (i) the 
magnitude of the stress is controlled by the différences in thermal expansion 
between the inclusion and the steel matrix, (ii) the larger inclusions give larger matrix 
stress, and (iii) the magnitude of the stress decreases with increasing distance from 
the inclusion. Previously, Andrew s and Brooksbank (1972) had determined the 
coefficient of several types of inclusions by using X -ray diffraction. Th e y found that 
the aiuminates, alumina, spinels, and most of the silicates have lower coefficients of 
thermal expansion than the steel matrix. Therefore, during cooling to ambient 
temperature, these inclusions will create stresses which can facilitate microcracks. In 
contrast, lime rich silicate, magnesia, lime, manganosite and sulphides have a 
coefficient of thermal expansion lower than that of the steel. D ue to their weak 
indusion/steel interface, these inclusions have a potential to form voids during 
cooling of the steel.
Th e  results have a good correlation with the effects of the inclusions on fatigue 
properties. Th e  aiuminates are known as having detrimental effect, while manganese 
sulphide has no significant effect (Gladm an, 1992).
It is dear that the effect of indusion on steel properties can be reduced by 
decreasing the size of the indusions and adjusting their composition and shape to 
obtain less harmful indusions. In recent years, there have been development in
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technologies of modification of inclusion shape and composition as well as inclusion 
removal. For example, calcium treatment has been developed and implemented to 
produce high quality steels such as H S LA  steels. It has been recognised that calcium 
has a significant effect on indigenous inclusions in steel. During steelmaking, calcium 
modifies deoxidation inclusions to lower the melting point of the oxide phase to help 
oxide inclusion agglomerate, float, and separate from steels. It also has a beneficial 
effect in that calcium raises the melting point of the sulphide phase during the later 
stage of solidification and hence makes sulphide inclusions harder and less 
deformable in following mechanical processing (Chiang, 1992; Pickering, 1979).
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CHAPTER 3
METHODS OF INCLUSION REMOVAL
In recent years several techniques have been developed to promote the inclusion 
removal in tundishes. Th e  four main methods of removing inclusions in a tundish are; 
magnetohydrodynamic, filtration, flow modification and bubbling.
3.1 Magnetohydrodynamic
During last twenty years, numerous technologies that utilise magnetohydrodynamics 
(M H D ) have been developed to satisfy the demand for higher quality in continuously 
cast products. In the processing of molten steel, these M H D  technologies have the 
following main functions: stirring, braking, and shaping (Takeuchi, et al., 1992). 
Recently M HD technology also has been applied for heating the molten steel in 
tundishes (Takeuchi et ai, 1992; Taniguchi and Brimacombe, 1994).
Electromagnetic stirring (E M S ) has been used widely in the continuous casting 
technology. It has been reported that the electromagnetic stirring equipm ent placed 
at mold and several positions below the mold, promotes the formation of equiaxed
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crystals that are helpful in preventing centerline segregation (G ass and Jackson, 
1991; Fryan and W ei, 1988). Gass and Jackson (1991) studied the effect of EM S  on 
the quality of slab steel and found that the steel showed a significant improvement in 
equiaxed structure as well as the center segregation in the as-cast slab. W orking on 
the same topic, Fryan and W ei (1988) reported that the similar results have been 
found for the use of EM S  on production of AISI 5130 steel type.
A  number of studies have investigated the effect of electromagnetic stirring on the 
inclusion removal and distribution in continuously cast steel, as listed by Glaw s et al. 
(1991) in Table 3.1. it was shown that the result and conclusions from those studies 
are varied. This is due, according to Glaw s et al. (1991), the differences in operation 
conditions under which the studies were taken place (i.e. type of caster, stirrer type 
and location intensity of stirring, etc.), sampling location and method of inclusion 
detection. Glaws, et al. (1991) developed an ultrasonic method of inclusion detection 
which is claimed to be more sensitive to smalt changes in inclusion population than 
that of any previous cleanness evaluation method as shown in Table 3.1. By using 
this technique they studied the influence of electromagnetic stirring on the quality of 
bloom produced at Th e  Tim ken Com pany’s Harrison Steel Plant using a four strand 
curved mold machine with a passline radius of 10,67 meters. Tw o  rotary type 
electromagnetic stirrers were used in the experiments: one stirrer was installed at the 
mold housing and the other was installed 7 meters below the meniscus. Glaw s et al. 
(1991) reported that the rotary electromagnetic stirrer located in the mold has 
significant effect on the inclusion distribution in the steel bloom.
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Ta b le  3 .1 : E ffe cts  of E le c tro m a g n e tic  S tirrin g  on In c lu s io n  D is trib u tio n
Table 3 - Refererencea Showing Effects of EMS on Inclusion Distribution
C a s t e r EMS S y s . S t e e l  I n f o . S a m p l i n g  I n f o . E v a l u a t i o n
I n v e s t i g a t o r s R e f Y r I n f o . L o c . r p T y p e D e o x i d . location In d . type M e t h o d E f f e c t  o f  EMS o n  I n c l u s i o n s
T z a v a r a s ,  e t  a l . 45 1972 Ik id w . Solid. R o t 035 A J-k d s l . from  chill 0  4 $ tfc<o E»om  4 c m Reduced v d  fioction ond 9tt d  in d u d o w
K o r 5 3 1984 lo b  -  Cytind. R o t 1018 A l-k Iro w Alumino O U I A  Iw d .  Al lu g e  ¡ncluj/ow  skilled lo  e e d r d  region os pet m o d d  predction
A l b e r n y ,  e t  a l . 8 1973 M e l S R o t v u io u s A l-k long Alumino Rodo. Trocee U u e  uniform  d s liib u lio n  don g  cetiletline
A l b e r n y ,  e t  a l . 31 1 9 7 8 0HH * R<b M R o t v u io u s $ i-k S u l  A S u b su l d l V u . A  Dye P m e l. Reduced IR o c c u m d d io n  oi su bsufoce  inclusions
T a k e u c h i ,  e t  e l . 55 1978 BHet S u b -M R o t slo idess I ro w l i f t * ) Nol R epu led Reduced number ol lu g e  inclusions
C h o n e ,  e t  a l . 5 8 19 8 0 Rounds Sub*M R o t vqrious S i - k  A J-w i Iro w cfl V s u d  A I w d .  Al Ikv’f u m  d s l 'n  o l i w d .  Al, no com porison *ilh n o n -s lin e d  product
R o u x b S u b -M R o t v u io u s A J-k f lo w oil V iju d  4 0 «. S d is foc lo ry  inletn. q u d ily . no c o m p u iso n  m lh n o n -j l i t fe d  product
B oom A J-k f lo w Alumino O i . Negligible e llecl on inclusion conlenl
A y a t a ,  e t  a l . 5 7 1980 B oom S U n 0.2 X C S i-k Inside Rod us S d lides S d f u  prinl
B e i t e l m a n ,  e t  a l 5 9 1981 B lk t M R o t v u io u s $ i-k .  A J - « i f lo w  A  long d l V s u d Reduced num ber o l delectable ¡n d u s o w  «k e n  using lo «  beg  jiirrc<
G r a y ,  e t  a l . 61 1982 B »e l M R o t S i-k .  A J-w 1 l io w oll V isud Reduced IR o c c w d o f io n  d  in d w o w
G r a y ,  e t  a l . 6 2 1982 BUcl M R o t S i - k  H-wi f ro w d t V isu d  4 0*. Reduced IR o c c u n d d io n  o l inclusions
B e i t e l m a n ,  e t  a l 3 7 1983 BHet M R o t vor tow S i-k .  A l-w f lion s A  long d l V isud Reduced IR o c c u m d d io n  ol in c lw o w . increased o c c v n d d io n  in center
Th e  m acro inclusion concentration in the inner radius region w as reduced by 35% , 
while the concentration in the central portion increased by 47% . Th e  overall 
macroinclusion concentration of the mold stirrer sam ples was approximately 15%  
lower than the average of the corresponding unstirred samples. Th e y also found that 
the effect of electromagnetic stirrer, located at 7 meters below the meniscus, on the 
m acroindusion concentration was negligible.
Matsuda et al. (1990) studied the effect of mold electromagnetic stirring on the 
indusion removal by using water model studies. A  1/2 size model of an actual strand 
in N o.3 slab continuous caster at Kogawa works w as m ade of transparent plastic. T o  
simulate electromagnetic force, two slits were cut in both of the mold’s wide faces, as 
schematically shown in Figure 3.1. Th e  flow characteristic of fluid in the mold with 
and without stirring were studied photographically using polystyrene beads as 
tracers. Matsuda eta! (1990) reported that with downward electromagnetic stirring, 
the penetration depth of the nozzle outlet flow become shallow and the upward flow 
was created along the mold’s narrow face to the meniscus. This, as Matsuda et al. 
(1990) suggested, will enhance the indusion removal in the tundish. T h e  results from 
the w ater experiments were confirmed by plant experiments carried out at Kogawa 
works (Kogita et at., 1992). Four different stirring directions in the mold were studied: 
upward, downward, horizontal and in the direction the flow of the steel. In order to 
investigate the effects of the electro magnetic stirring on indusion reduction, a C - 
scope ultrasonic test was used. Kogita et al. (1992) found the effect of the 
electromagnetic stirring on the number of the indusions in slab-casting depends on 
the stirring direction and the stirring force, as shown in Figure 3.2.
41
F ig u re  3 .1 : S c h e m a tic  D ia g ra m  of F lo w  in th e  M o ld  a n d  S lits  in th e  W a te r  
M o d e l
F ig u re  3 .2 : T h e  E ffe ct of S tirring  F o rc e  a n d  S tirrin g  D ire c tio n  o n  N u m b e r  of 
In c lu s io n s  (K o g ita  etal., 1 9 9 2 )
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This figure also demonstrated that downward stirring is more effective than stirring in 
other direction for the purpose of decreasing the num ber of inclusions in the region 
20-40 mm below the upper surface of a slab. Th is  is due to the reduction of the depth 
of penetration by the outlet stream from the nozzle into the mold as the downward 
stirring applied.
Th e  use of Electrom agnetic Braking (E M B ) to promote the removal of nonmetaiiic 
inclusions in steel mold have studied both in laboratory and plant experiments. Zeze 
et al. (1993) used the m ercury simulator, as schematically shown in Figure 3.3, to 
investigate the fluid flow in the mold with and without a new type of electromagnetic 
breaking, which has a level magnetic field (LM F) in the width direction of the mold. In 
the simulation experiment, the level magnetic field w as installed just below the nozzle 
outlet. It w as found that the application of 0.5 T  electromagnetic field developed a 
plug flow in the region below the D C  magnetic field, as shown in Figure 3.4. Th is  plug 
flow, according to Zeze et al. (1993), is useful for the improvement on the quality of 
steel cast product by the flotation of the nonmetaiiic inclusions. Th e  similar results 
was also reached by Kariya et al. (1994). Experiments carried out at Chiba W orks by 
Kariya, et a/.(1994) showed that the application of two level magnetic fields in the 
mold, as shown in Figure 3.5, has improved the steel slab quality especially solidified 
hook in subsurface of cast slab . Figure 3.6 and Figure 3.7 show  that the index 
surface defects and the index of coil internal defects of cold rolled steels were also 
reduced, especially at high casting speed. These results were attributed to reduction 
of the meniscus turbulence and the flow rate of steel melt from the submerged entry
43
F ig u r e  3 .3 :  S c h e m a tic  D ia g ra m  of E x p e rim e n ta l S y s te m  fo r  th e  M e rc u ry  
M o d e l S im u la tio n  (Z e z e  etai, 1 9 9 3 )
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F ig u r e  3 .4 :  E ffe c t of th e  M a g n e tic  F lu x  D e n s ity  o n  th e  V e lo c ity  of th e  
D o w n w a rd  S tre a m  at 3 0  m m  In n e r  fro m  N a r r o w  F a c e  a n d  6 3 0  
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Fig u re  3 .5 : E ffe c t of th e  M a g n e tic  F ie ld  on D e p th  of S o lid ifie d  H o o k  in 
S u b s u rfa c e  of C a s t  S la b  (K a riy a  e t a l 1 9 9 4 )
Fig u re  3 .6 :  E ffe ct of th e  F C  M old  o n  the  C o il S u rfa c e  Q u a lity  (K a r iy a  et a l., 
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Fig u re  3 .7 : E ffe c t of F C  M o ld  o n  C o il In ternal Q u a lity  (K a r iy a  et al., 1 9 9 3 )
nozzle when electromagnetic brake technology w as applied. In recent years, channel 
furnaces used traditionally in the aluminium industry have been introduced into 
steelmaking to prevent the temperature drop of molten steel in tundishes. It was 
claimed that this technology w as effective in reducing not only center segregation but 
also non-metallic inclusions in the continuously cast products (Suzuki, e t  al., 1988). 
Mabuchi, etal (1987) reported that the number of large inclusions near the slab 
surface w as reduced to 1/4-1/12 with heating as compared with that without heating. 
This result was reached after carrying out experiments at Chiba W orks using a 
tundish heater to produce stainless steel. Th e  slab samples corresponding to the 
unsteady state were cut to piece of 6 meters. Th e  distribution of inclusions near the 
surface w as examined by means of a penetration check and the detection of large 
inclusions near the accumulated zone was examined by means of slime extraction, 
X -ray photographs and oxygen analysis. Th e  results of this analysis is shown in 
Figure 3.8. Th e  quality of the slabs, produced under experimental condition using a 
tundish heater, had been improved significantly.
Although the M H D  technologies have been applied extensively to inclusion 
separation, there are only few studies on the basic principles of inclusion removal 
(Marty and Alemany, 1984; Miki, et at., 1992). Tanaguchi and Brim acom be (1994) 
attempted to develop a fundamental theory of inclusion removal in tundishes 
equipped with tundish heaters. In this study, the removal efficiencies of non-metallic 
inclusions, tj, from liquid steel flowing through circular and square-cross section pipe 
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Fig u re  3.8: E ffe ct of T u n d is h -H e a t e r  (E x p e rim e n ta l) o n  th e  D is trib u tio n  of 
In c lu s io n  a n d  P in  H o le  in the  F irs t S la b s  (M a b u c h i e f  a/.,1 9 8 7 )
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circular pipe and concentration method for square pipe. They found that the value of
2
j] of circular pipe w as a function of V r , (C\ D r  /Re)Z and r-j/5, where r-j is the radius
of the pipe, 8 is the skin depth and V r , C|, Dr , Re and Z  are non dimensional
parameters of particle terminal velocity, non dimensional parameter of current,
nondimensiona! particle diameter, Reynolds number, nondimensional axial distance
2
respectively. Th e  value of r| increases with increasing (C|Dr  /Re)Z and gradually 
decreases with increasing V r  and p|/S.
Tanaguchi and Brimacombe ( 1994) predicted the removal efficiency of the 
inclusions in tundish equipped with tundish heater, using operating conditions of a 
tundish heater as listed in Table  3.2. Assum ing an electric power efficiency of 8 0 % , 
the calculated inclusion removal is shown in Figure 3.9. Th e  inclusion removal 
efficiency increase with increasing diameter of inclusions, the length of the pipe and 
electric power ratio.
For the square pipe, Tanaguchi and Brimacombe (1992) found that the value of n is 
a function of V r’, (C i DR2/Re)Z and xi/8, where xi is the half width of the square pipe, 
8 is the skin depth and V r , Ci, Dr , Re and Z  are non dimensional parameters of 
particle terminal velocity, non dimensional parameter of current, nondimensional 
particle diameter, Reynolds number, non dimensional axial distance respectively, in 
contrast the result obtained for circular pipe, r\ increase with increasing xi/8 due to
49
Ta b le  3.2: O p e ra tin g  C o n d itio n s  of T u n d is h  H e a te r  (T a n a g u c h i a n d  
B r im a c o m b e , (1 9 9 4 )
Diameter o f pipe (2r t ) 0.1 m
Length o f  pipe (r,) 1.15m
Flow rate o f  steel 1.5 t/min
Maximum power: 1 MW
Power efficiency 80%
Maximum current (I„ J 44200 A
Frequency 60 Hz
c, 6.9 x 10u
r  i/<5 0.65
R e 31800
(<rFe =  7.2 x 10s S nT  \  pFe =  7 000 kg/m3, pFc=0.005 Pa • s)
electric power ratio (%)
F ig u re  3.9: C a lc u la te d  In c lu s io n  R e m o v a l a s  a  F u c n tio n  of In c lu s io n  
D ia m e te r, P ip e  L e n g th  a n d  E le ctric  P o w e r  R atio  (T a n a g u c h i 
a n d  B rim a c o m b e , 1 9 9 4 )
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generation secondary flows which transport the particles from the inner region to the 
vicinity of the wall.
Tanaguchi and Brimacombe (1994) claimed that the removal efficiencies of the small 
particles can be increased by decreasing the flow rate of the liquid steel and the 
diameter of the pipe or by increasing the length of the pipe. Furthermore, since 
collision and coagulation between small particles in the oscillation pinch-force field 
have not been considered in their study, actual efficiency m ay be higher than 
expected (Tanaguchi and Brimacombe, 1994). Th e  results have not yet been 
confirmed either in the laboratory or in plant trials.
3.2 Filtration
O ne of the potentially efficient and commercially attractive ways of removing non­
metallic inclusion from melts is to filter the molten metal prior to casting. Th e  use of 
this technique in non-ferrous melts especially aluminium melts and copper melts has 
been a commercial reality for many years (Uem ura, 1990; Ali, et a/., 1985a). Several 
attempts have been made to apply filtration technique to molten steel, however 
practical application to mass produced steel has not been achieved. Th is is because 
ceram ic fitters used for the steel melt are exposed to the severe conditions compared 
with nonferrous melts, such as high temperatures, high densities, high interfadal 
tension and small inclusion size. Filters are also required to withstand extreme 
thermal and mechanical stresses created by the flow of the steel. Moreover, they
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must have an adequate filtration efficiency without any serious flow resistance to the 
molten steel. In recent years, there have been extensive work to find new filter 
materials which can fulfil the above requirements.
It is worth noting that there are two types of filtration mode: (i) surface filtration or 
cake mode filtration and (ii) deep bed filtration (Engh, 1992; All et al, 1985). In 
surface filtration, the inclusion particles are deposited as a 'cake' on the filter and 
thus particles deposited previously act as a filter for the last particle approaching the 
filter. Cake mode filtration results in the development of a superficial layer of 
inclusion separated on the substrate filter. Th is  filtration generally requires a high 
operating pressure and therefore it is usually impractical for most metallurgical 
applications.
Unlike cake mode filtration where inclusion particles are deposited on the fitter, in 
deep bed filtration, the deposition of the inclusion particles occurs throughout the 
depth of the filter. W hen small particles flow through the porous structure of the filter, 
the inclusion will deposit on the surface of the grains due to diffusion, direct 
interception, and surface forces. It has been reported that refining of steel by using 
depth fitters both in laboratory and plant experiments attained relatively high removal 
efficiencies (Ali eta/., 1987 a,b).
Several type of filters have been developed and tested in laboratory experiments and 
plant trials. Ali et al. (1987 a, b), in their laboratory experiments, investigated filtration
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of steel by using tabular alumina packed bed (0 .2  to 0.5 cm nominal diameter) and 
extruded monolitic alumina (400 cells per square inch). They found that inclusion 
removal efficiency of up to 96%  has been achieved in laboratory melts. This results 
obtained after carrying out experiments using filtration apparatus shown in Figure 
3.10. Steel containing 0 .012% C , 0.04% N i and 12 to 20 ppm oxygen was melted and 
homogenised at 1600 ±  10°C in the alumina crucible. A  sample of the melt was 
drawn into an evacuated silica tube and high purity aluminium wire was added to the 
m elt Another sam ple w as taken 180 seconds after the addition of aluminium, 
representing the alumina content before filtration. Th e  top of the cham ber was then 
pressurised with argon gas and the stopper rod w as removed permitting melt flow 
through the filter into the water cooled stainless steel receiving crucible. Th e  flow rate 
of the melt was controlled by adjusting the argon pressure in the top chamber. 
Inclusion distribution in the samples w ere analysed using a quantitative 
metallographic technique. Th e  results showed that both tubular and monolithic filter 
gave similar inclusion removal efficiency. Inclusions of size greater than 2.5 pm were 
totally removed from the steel melt which previously contain inclusions of size up to 5 
pm. T h e  inclusion removal efficiency was strongly dependent on the fluid velocity in 
the range of 0.08 to 0.68 cm. Generally, this experiments indicated that steel 
cleanliness can be significantly improved using the filtration technique.
Uem ura et al. (1990,1992) have developed a ceram ic loop filter for the reduction of 
nonmetaliic inclusions in steel. Th e  filter, shown in Figure 3.11, was produced by 
pilling up ceramic string with a uniform diameter to required thickness, in laboratory 
experiments, a ceram ic filter was installed in the tundish as shown in Figure 3.12.
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F ig u r e  3 .1 0 :  S c h e m a tic  D ia g ra m  of th e  Filtration A p p a ra tu s  (A li eta!., 1 9 8 5 )
54
Loop filter (d =3mmi*)
F ig u re  3.11: C e ra m ic  L o o p  Filter (U e m u r a  et ai, 1 9 9 2 )
Fig u re  3 .1 2 : E x p e rim e n ta l A p p a ra tu s  U s in g  F ilte r (U e m u r a  et ai, 1 9 9 2 )
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Approximately 400 kg of steel was melted in induction furnace and poured to the 
tundish at 1580 -1600°C as soon as deoxidation with aluminium take place. Samples 
were taken from the up and down stream sides of the filter in the tundish. Th e  
number of inclusions in filtered and unfiltered samples was investigated by using 
EP M A  analysis.
It was shown in Figure 3.13 that the number of inclusions of size more than 5 ¿tm 
decreased by filtration. Th e y  also found that the inclusion removal efficiency was 
dependent on the filter string diameter and the initial oxygen content and 
independent on the fitter material as shown in Figure 3.14.
Yam ada et al. (1987) studied the performance of a ceram ic filter in the actual 
continuous casting operation and found that cleanliness of the continuous casting 
product was im proved by the use of a ceramic filter. Tw o  types of ceram ic filters 
made of alumina and zirconia were tested in tundish, having two strands in which 
one strand w as equipped with ceramic filter and another w as without filter, to 
produce steel grades; S U S  304 and S U S  321. In this experiments flow rate of the 
steel passing through the filter was approximately 2 to 3 cm/s. T h e  effect of the filter 
on the continuous cast product was analysis by using optical microscope on the 
sample blocks collected from the locations corresponding approximately to the same 
casting time of the two strands. Yam ada et.al (1987) reported that by the using a 
ceramic filter, the content of nonmetallic inclusions in the cast product can be 
decreased by 2 0 % , independent on the filter material.
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Figu re  3 .1 3 : E ffe c t o f F iltra tio n  o n  th e  Inclusion D istrib u tio n  in S te e l (U e m u r a  
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Figure  3.14: T h e  E ffe ct o f S trin g  D ia m e te r, O x y g e n  C o n te n t  a n d  Filter 
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Experimental plant carried out at Nishin Steel Corporation showed that the use of a 
C a O  filter dam in tundish could reduce the index of AI2O 3 inclusion num ber (Maeda
and Kurihara, 1992). Th e  C a O  filter dam, consisted of two plates with many holes 
which has 50 mm inlet diameter and 40 mm outlet diameter, which w as installed in 
the tundish. Th e  experiments were carried out on the ultra low carbon Ti-A I killed 
steels which contain .25 w t%  and 0.08 w t%  T i. It was shown that the cleanliness of 
steel significantly im proved after filtration. They proposed that reduction of inclusions
content in the filtered steel is based on the reaction between AI2 O 3 and C a O  as
follows;
8 Ai2Q 3 + 15 CaO — > 1 2 Ca0 .7 A! ^ ) 3
3 CaO.Ai2p3
2 SK> 2  + 5CaO — > 3 CaO.SK> 2
2  Ca0.Si02
S + CaO — > C a S + f i
Th e  above reactions w ere also suggested by Xiantan, et al. (1992) in explaining the 
results found from their study. Th e y  also noted that the flow behaviour of the steel 
melt in tundish should be taken into account in filter system design due to the fact 
that it greatly influences the floating out of non-metallic inclusions escaping from the 
filter wall.
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From the above discussion, it is d e a r that there have been developm ents in 
application of filtering technique in im proving steel deanliness.
3.3 Flow Modifier
It is now being increasingly recognised in the steel industry that proper control of the 
molten steel flow in a  tundish is a prerequisite to any successful continuous casting 
operation, especially in regards to indusion removal. Th e  installation of various flow 
control devices such as dam s, weirs and baffles with holes within the tundish have 
been made to improve fluid flow characteristic in tundish to enhance removal of 
indusions. Th e  prindples behind this method is to allow a longer residence time of 
the steel in the tundish to give indusions more chance to float out of the molten steel. 
Th e  flow control devices also can direct the melt flow to the surface to contact with 
the slag layer to drag the inclusion from the melt.
Flow modification devices, according to Sinha and Sahai (1993) perform the 
following functions:
(a) direct the flow toward the top surface so that indusions have better opportunity to 
float o u t
(b) contain the turbulence of the incoming flow to a region near the inlet where 
indusion collision and coalescence m ay take place. Outside this region, the 
quiescent bath facilitates the flotation of these indusions,
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(c ) prevent any ladle slag that m ay com e in the inlet stream from flowing downstream 
towards the outlet and being entrained into the mold,
(d ) increase the residence time of the liquid in the tundish by increasing the distance 
it has travelled.
Th e  work done by Kem eny et ai (1981) at Stelco Inc., Canada has been chosen to 
illustrate the benefits resulting from the use of dam and weir in the tundish. A  full 
scale water model of the twin strand continuous casting tundish at Stelco Inc. was 
constructed to study the effect of flow modification devices on the inclusion removal 
from steel melts. Initially, the water model tundish operated without any flow control 
devices. Th e  flow pattern in the w ater model is shown in Figure 3.15 (a ). T h e  w ave 
motion at the surface and the presence of large stagnant regions are undesirable 
from the view point of inclusion removal. Th e  minimum retention time w as found to 
be about 20 seconds. A  w eir w as then installed on each side of the ladle stream. Its 
position and the depth of subm ergence were varied to find optimum conditions. Th e  
schematic of the flow pattern corresponding to the optimum placement of weirs was 
shown in Figure 3.15 (b ). It can be seen that the surface wave motion w as eliminated 
and the stagnant region has been reduced. Th e  minimum residence time w as found 
to be about 45 seconds com pared to 20 seconds for the no flow control case.
W hen fluid velocity in the tundish increased, a short circuit flow pattern, as 
schematically shown in Figure 3.15 (c ), w as formed. Th e  stream velocity exiting the 
pouring area w as great enough to overwhelm  any opposing backflow, and the fluid 
proceeded directly to the nozzle tundish. Thus, the minimum residence time w as
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F lo w  p a tt e r n  i n  a co n ve n tio n a l 
tu n d is h  w it h  no f lo w  c o n tro ls
F lo w  p a tt e rn  i n  a tu n d ish  w ith  w e irs  
and dams
Figu re  3.15: E ffe c t of F lo w  C o n tro l o n  th e  F lo w  P attern  in th e  W a t e r  M o d e l 
(K e m e n y  et al., 1 9 8 1 )
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drastically reduced. Th e  placement of the dam along with the weir, as shown in 
Figure 3.15 (d), resulted almost doubling of the minimum retention time obtained by 
using a weir alone. It will then facilitate better opportunity for inclusions to be 
rem oved from the tundish. However, it should be kept in mind that the removal of 
inclusions will be also depend on the overall fluid flow characteristics. Yoshii et al. 
(1983) showed that the inclusion removal efficiency in a tundish can be increased by 
altering fluid flow characteristics using various dams as schematically shown in 
Figure 3.16. After a water modeling study, plant trials were carried out to investigate 
the effect of these dams on inclusion removal in a tundish. Figure 3.17 shows the 
relation between mean num ber of large inclusions in the slabs and type of dam s in 
the tundish. This clearly shows the dramatic reduction of inclusion content due to the 
flow alteration in tundishes using dams.
Th e  positive effect of the dam  application in tundish also has been reported by 
Hashio et al. (1981) after carrying out w ater model experiments to investigate the 
effect of tundish dam, bath depth and tundish capacity, they tested their new tundish 
configuration on the actual caster and obtained the results shown in Figure 3.18 
which dearly show the reduction of the indusion content on the cast product
3.4 Flotation
Th e  use of gas injection in steelmaking has been a common practice for long time 
not only to homogenise the composition and temperature of the melt in the ladle but
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F ig u re  3.17: T h e  R e la tio n  B e tw e e n  M e a n  N u m b e r  of L a rg e  S iz e  In c lu s io n  
a n d  T y p e  of D a m s  in T u n d is h  (Y o s h ii e t a / 1 9 8 3 )
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F ig u re  3 .1 8 :  E ffe c t of T u n d is h  D a m , B a th  D e p th  a n d  T u n d is h  C a p a c ity
In c lu s io n  R e m o v a  (H a s h io  etal., 1 9 8 1 )
also for inclusion removal. Recently this technique has been adopted to enhance 
inclusion removal in tundishes.
Mineral flotation processes have demonstrated that if particles do not wet with the 
liquid phase, the particles can be captured by gas and floated up to the free surface. 
Since solid inclusion such as alumina and silica are not wetted by liquid steel, they 
should therefore be able to be captured by gas and removed from the melt. Th e  
effects of injection of gas through steel on the reduction of inclusion content have 
been studied by both mathematical and physical modelling.
Yam anaka et al. (1983} investigated the effect of gas injection on inclusion removal 
efficiency in an inverted V  tundish schematically illustrated in Figure 3.19. Argon was 
injected through porous plug installed between the double dam s on one side of the 
tundish. Figure 3.20 shows the effect of argon injection on the quality of continuous 
cast product including a reduction in the number of inclusions. Th u s, argon injection 
in the tundish significantly improved the quality of cast product T h e  similar result was 
found by Nuri et al. (1984) in investigating the effect of complete sealing and gas 
bubbling of molten steel. G a s w as injected through porous plug installed at zone A  
and B, as shown schematically in Figure 3.21. Figure 3.22 shows that gas bubbling 
in the stirring region (zone A ) w as the most effective way in reducing nonmetallic 
inclusions in the steel. Th is  is probably due to the significant increase of the vertical 
component of velocity of inclusion, collision and coalescence between inclusions and 
attachment of the particles to the bubbles.
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Figure 3.20: Effect of Gas Injection on the Quality of the Continuous Cast
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Flotation technique is clearly a promising alternative way to reduce the inclusion 




PHYSICAL AND MATHEMATICAL MODELLING OF 
INCLUSION REMOVAL IN A TUNDISH
Th e  removal of inclusions from molten steel in the tundish is strongly dependent on 
the overall fluid flow characteristic of the tundish as well as the interfacial 
characteristic of the indusion/melt and indusion/siag interface. It has been 
recognised that although the interfadal characteristic at the indusion/siag interface is 
predominant in determining the removal of indusion, fluid flow characteristic within 
the tundish determine in a large w ay the flotation of indusion to the top layer. Th is 
topic has attracted m any researchers and numerous works on the physical and 
mathematical modelling of the fluid flow in a tundish have been reported in the 
literature. In the physical modelling, tundishes of different scales and shapes have 
been designed and m ade from perspex glass. Using water as fluid and measuring 
the response of a suitable tracer continuously or intermittently at the tundish nozzle 
exit the behaviour of fluid flow in tundishes have been studied. In the mathematical 
modelling, the flow characteristics of fluid flow in tundish are predicted by solving the 




Studies using physical modelling generally have involved flow visualisation studies 
and measurement of Residence Tim e Distribution (R T D ) by dispersion of a tracer in 
water models of tundishes. Based on the data obtained from injection of tracer in 
scaled water models of tundishes, R TD  curves have been constructed which give 
information about the fluid flow behaviour in tundish. In addition, the results obtained 
from physical models have also been used to verify and guide the corresponding 
mathematical models (Sahai and Dam le, 1995). Therefore, it is clear that the 
information obtained from this models is very useful in optimising fluid flow conditions 
in tundishes.
4.1.1 The Characteristics of Fluid Flow in Tundish
Th e  characteristics of fluid flow in tundish have been extensively studied by using the 
concept of a mixed model (Kem eny, et.ai, 1981; Knoepke and Mastervich, 1986). In 
this model, the tundish fluid flow can be thought of consisting of plug flow volum e
(V p), mixed volume (V m)  and dead volum e (V (j) as shown in Figure 4.1. Th e  plug
flow (V p ) represents a region of laminar motion with no back mixing. T h e  mixed
volume (V m) represents a region where local concentrations are instantaneously 





F ig u re  4.1: S c h e m a tic  D ia g ra m  of th e  M ix in g  M o d e l in T u n d is h
(K n o e p k e  a n d  M a s te rv ic h , 1 9 8 6 ) j
Th e  dead zone (V (j) represents regions in any tundish where small fluid elements
spend much longer than the mean residence time. Generally, it is defines fluid 
elements which stay in the system for a period greater than twice the mean 
residence time.
Th e  desired information of the above volum e fractions can be derived from 
Residence Tim e Distribution (R T D ) curves. These  curves are found by injecting a 
tracer into the ladle stream and measuring the concentration of the tracer in the 
tundish nozzle exit.
Th e  R T D  curve has an important statistical implication which represents the 
residence time of each volum e element of fluid in tundish. Based on the mixed model 
and information from R T D  curves, several researchers (Kem eny, et a/., 1981; 
Knoepke and Mastervich, 1986 ) have calculated the plug flow volume fraction, 
mixed volum e fraction and the dead volum e fraction in certain tundishes by using the 
following equations;
(a ) Plug R o w  Volum e Fraction









in which, Opgrf = relative peak concentration time (-)
tpeak = peak concentration time (s )
= space time, theoretical space time of fluid element in
tundish (s )
3 -1Qm = volum etric flow rate at the outlet nozzle (m  s ) 
(b ) Dead Volum e Fraction
v d =  l-4 v  (44)






in which, tm = mean time (s )
(c) Mixed Volum e Fraction
Mn := — —  (4.7) 
Xmax
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(4 .8 )where, Y  _  ^ m a x'Snax ~
in which, Xmax = relative maximum tracer concentration (-)
3
Cmax = maximum tracer concentration (kg/m )
Co = total tracer concentration
After analysing theoretical R T D  curves for the mixed model and comparing with 
actual R T D  curve as shown in Figure 4.2, Sahai and Ahuja (1990) pointed out some 
differences. Firstly, the increase in dye concentration as actually measured is not 
instantaneous as the theoretical prediction does. Secondly, the three volum e 
fractions calculated using the above equations did not add up to unity, which is the 
basic assumption of the mixed model. Finally, the finite time between the appearance 
of the first trace of dye and the maximum dye concentration, shows a possibility that 
dye had axially or longitudinally dispersed before exiting to the mixed volum e. These 
findings led Sahai and Ahuja (1990) to a modified form of the mixed model. Th e y 
proposed that the tundish volum e consists of a dispersed plug volum e, a completely 
mixed volum e, and a dead volum e as shown in Figure 4.3. In this new  model the 
volum e fractions calculated by using following equations;
M> (4 .9 )2
Vd = 1-^v (4 .10 )
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Fig u re  4 .2 : (a ) T h e o re tic a l R T D  C u rv e  fo r th e  M ix e d  M o d e l (b ) A n  
e x p e rim e n ta l R T D  c u rv e  (S a h a i a n d  A h u ja , 1 9 9 3 )
Ilk K -
Input Output
Fig u re  4 .3 : M odified  M ix e d  M o d e l (S a h a i a n d  A h u ja , 1 9 9 3 )
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V m = 1 - V p - V d (4.11)
where 0mm (4 -l2 )
in which, ^mfn = relative minimum residence time (-)
tmin = minimum residence time (s)
Another important indicator which is very useful to characterise the intensity of plug 
flow in the system is the Inverse Pedet Number (Pe~1). Th is  num ber varies from zero
for ideal plug flow to infinity for well mixed flow as shown in Figure 4.3. Th e  Inverse 
Peclet Num ber is defined as
Pe 1 = - y  (4 .13)
uL
where, P e 1 = inverse Peclet number (-)
2 -1
D =  axial dispersion coefficient (m  s )
u = flow velocity (m  s '1)
L = characteristic length (m )
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Th e  idea! flow requirements of the steel melt depend on the type of metallurgical 
treatment. For example, plug flow is the best conditions for the separation of non 
metallic inclusions, but is unfavourable for dissolution of the additive and the 
distribution of the dissolved products in molten steel.
fluid flow conditions on inclusion removal. Based on the assumptions that the vertical 
movement of the particles in tundish is governed by Stake’s Law  and the average 
particle float-out distance is, in all cases considered, equal to half the bath depth in 
the tundish, Kem eny, et al. (1981), calculated the minimum diam eter of a particle can
float-out and be absorbed by the slag in a certain time, t i. By using the information 
found from R T D  curve, this particle diameter can then be plotted against the fraction 
of fluid in the tundish with a retention time less than or equal to t i, as described by 
following equation;
The  work done by Kem eny et al. (1981) has been chosen to illustrate the effect of
(4.14)
where;
A (t) = Absorbance (tracer concentration) with respect to time
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f = fraction of fluid in the tundish with a retention time less than or
equal to ti
By plotting f versus particle diameter, Kemeny and coworkers (1981) determined the 
fraction of particles carried into the mold as a function of particle diameter, as shown 
in Figure 4.4. From  this figure Kemeny and coworkers (1981) found that a vertical 
line at 63 |im represents the situation with 100 percent plug-flow. In addition, they 
reported that this vertical line would move to large particle diameters with increasing 
fractions of dead volume. Th e y  also reported that the line deviates from vertical with 
increasing additions of mixed volume and becomes asymptotic at both ends in the 
100 percent mixed volume.
From the above figure it is d e a r that the most influential factor in determining the 
largest size of indusions that would be carried out into the mold is the degree of plug 
flow. In several later works, this finding was used as a reference to analyse the 
optimum fluid flow conditions in a tundish.
From studies investigating fluid flow behaviour in tundishes, the most desired flow 
conditions in the tundish are high plug flow volume fraction, high ratio of plug flow to 
dead volume fraction, reasonably high plug flow to mixed volum e ratio, long mean 
R TD , and low dispersion (Sahai, 1986; Knoepke, J ., and Mastervich, 1986; Chiang, 
L.K., 1992).
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Figure  4.4: F ra c tio n  of P a rtic le  C a rrie d  into the  M o ld  a s  a  F u n c tio n  o f P a rtic le  
D ia m e te r  (K e m e n y  etal., 1 9 8 1 )
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4.1.2 Effect of Flow  Modifiers on the Fluid Flow and Inclusion Removal
T o  assist in inclusion removal process, various combinations of flow control devices, 
such as dams, weirs, and baffles m ay be used. Optimum placement of dams and 
weirs has been found to result in increase in the average residence time of the fluid 
as well as the increase in the plug flow in the tundish. Based on the information 
obtained from R TD  curves, Koria and Singh (1994) investigated the effect of weir, 
dam, slotted dam and their combination on the molten steel flow dynam ic in a 
tundish.
By varying the values of inlet-exit distance, dam position and dam height they found 
that the variance (S2) of the curves could be written as follows;
s 2 = 0.234 |
C2 \  ,-0.482 ..-0.172 0.131 
Itrn e a n ^ * *p *h
where; 4>





in which, * = dimensionless inlet-exit distance (-)
KP = the dim ensionless value of dam position (-)
Kh = the dim ensionless value of dam height (-)
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Lj_e = inlet-exit distance (m )
L = base length of the tundish (m ) 
dp = position of dam from inlet stream (m )
dh = height of dam  (m )
H  = bath depth (m )
tmean = mean residence time (s )
Th e  variance value of the curve represents the square of the spread of the 
distribution around tme£m. Th e  greater reversal and recycling of the tracer before it
exits the tundish resulted the larger S 2 . Therefore, from the above equation it is 
clear that for Kh less than 1, the exponent value which is less than 1 would mean 
increasing contribution of the dam  in creating the surface directed flow (Koria and 
Singh, 1994). Th e  exponent values of </> and Kp% according to Koria and Singh
(1994), determine the extent of dissipation of the turbulence of the inlet stream. Th e  
exponent values of both <f> and Kp show that the effect of $ in dampening
turbulence is more dominant than the effect of Kp.
Koria and Singh (1994) also reported that the dimensionless residence time for a 
tundish equipped with dam , or both a dam  and a w eir could be correlated by the 
following empirical equation;
/  2 3m̂in or ¿'peak = cì̂ cc + a3a y -  «  n oY KP *h % (4.16)
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(tp e a k )^
x r ^ X m
_  (tm e a n ^ r
Crmean /,  \ _____
\mean)wFM
-  Dimensionless minimum residence time
= Dimensionless peak residence time
= Dimensionless mean residence time
Koria and Singh(1994) tested the above equations by comparing the residence times 
predicted by the correlation with that of previous experimental results reported in 
several literatures. By regression analysis, Koria and Singh (1994) determined the 
coefficients and exponents in the above equations. Th e  values of both coefficients 
and exponents are given in Ta b le  4 .1. Th e  comparisons are presented in Figure 4.5 
to 4.6 and clearly show that the residence times predicted by the correlations agree 
with those reported by other investigators.
Th e  effect of other types of flow modifier and their combination with dam s or weirs 










Table 4.1: Coefficient and Exponent Values of Equation 4.16 and 4.17





Dam Weir +  dam Dam Weir 4-dam Dam or 
Weir+ dam
A — — — _ 1.047
10.410 7.630 6.640 16.210 ___
«1 -137.530 -1 0 0 .7 9 0 -55 .050 -169.880 —
a 2 638.890 478.250 170.570 670.190 _
*3 -912 .990 -6 6 7 .3 1 0 -174.760 -882 .800 _  i
j — — — — -0 .0 8 4
k -0 .3 8 2 -0 .1 9 1 -0 .1 7 4 -0 .1 8 0 -0 .1 8 5  1
! —0.0t2 -0 .0 3 4 -0 .0 I I -0 .0 1 0 11
m -0 .0 6 0 -0 .0 1 5 0.149 0.545 0.068
n ■ 0.000 -0 .2 2 8 -0 .1 6 5 -0 .1 6 5 -0 .0 5 3
P — 0.224 — -0 .0 3 0 —
F ig u re  4.5: Effect of D a m  a n d  W e ir  P la c e m e n t in T u n d is h  on D im e n s io n le s s  
M in im u m  R e s id e n c e  T im e  (K o ria  a n d  S in g h , 1 9 9 4 )
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Fig u re  4 .6 : E ffe ct of D a m  a n d  W e ir  P la c e m e n t  in T u n d is h  on D im e n s io n le s s  
M e a n  R e s id e n c e  T im e  (K o r ia  a n d  S in g h , 1 9 9 4 )
Fig u re  4 .7 : E ffe ct F lo w  M o d if ie r o n  R e s id e n c e  T im e  D istribu tion
(K o ria  a n d  S in g h , 1 9 9 4 )
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In the above formulation, s is either Sp^, or smean. From Figure 4.7, the effect 
of other flow modifier on residence times can be determined.
Sahai and Ahuja (1990) pointed out that the residence time technique, while useful, 
should not be used in isolation. Thus, although the well-mixed volum e may not 
becom e m uch larger after installation of weirs, there is no doubt that mixing can be 
vigorous in the region enclosed, and it is this region into which the ladle stream 
enters.
Recently, the use of hollow glass microsphere to simulate inclusion removal in the 
tundish has been developed. Study by Martinez et a/. (1986) showed that removal 
efficiency of inclusion with size above 80 pm  increases from 6 4 %  at tundish with no 
flow control devices to 78%  at tundish with weirs and dam s and to 100%  at tundish 
with baffles. In contrast Sahai and Ahuja (1993) in their water modelling reported a 
decrease in the inclusion removal efficiency with the incorporation of dams, weirs 
and gas injection. Th is  experiment w as carried out without slag layer which is needed 
to absorb and prevent the entrainment of particles. A t the condition without slag layer 
the particle which has already been float out at the surface can easily re-entrain to 
the fluid and go to the outlet nozzle. It should be kept in mind that in the cold model 
studies, inclusion removal mechanisms such as coalescence of the particles and 
sticking to the walls are impossible to simulate in a water model. Nakajima et ai
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(1984) reported that polyethylene particles can be used to model the removal of 
inclusions in a tundish quite satisfactorily.
4.2 Mathematical Models
During last twenty years, the development of mathematical modelling approach to 
study turbulent flow in continuous casting tundishes has grown rapidly. A  new design 
for a tundish can be tested before hand through mathematical simulation before 
moving on to a w ater model study and ultimately to actual in-plant trials.
Mathematical models which represent three-dim ensional turbulent fluid flow, tracer 
dispersion, inclusion behaviour and heat transfer have been developed by several 
authors (Lai et at., 1986; Tacke  and Ludwig, 1987; Szekely and El Kaddah, 1990; 
Joo et at, 1990; Y e h  et a/., 1992; Joo  and Guthrie, 1991and 1992; Joo  et aL, 1993a, 
Joo et a/., 1993b). Lai et aL (1986) developed a three-dimensional calculation 
procedure for tundish system and com pare its performance against experimental 
data obtained from a water model. T o  determine flow fields in a tundish, a set of 
differential equations has to be solved, together with a series of algebraic relations 
and boundary conditions. Th e  differential equations to be solved can be expressed 
as follows (Lai et aL, 1986);
(1) Equation of continuity;
d
(/>Ui) = 0 (4.19)
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where p and Uj are density of liquid and mean velocity in i=xf y, or z  directions,
respectively.






where p is density of liquid, u» is mean velocity in i = x, y, or z  directions, Uj is mean 
velocity in j direction (j=i tensor notation), P is pressure and
Peff= P +  w (4.21)
in which p is m olecular viscosity, peff is effective viscosity and pt is turbulent 
viscosity.
For modelling turbulence in a tundish, the k-s differential model by Jones and 
Launder w as used (Lai, e ta l, 1986). Th e  governing transport equations for turbulent 
kinetic energy k and its dissipation rate s can be presented as;
(3) Equation of turbulent kinetic energy
i
vp u i k Ok ¿?Xj>
G -  pe (4.22)
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(k 2G -  K3ps)s / k (4 .23)
where
G - P t
<?Uj r \¿Uj d\\ 
âXy (4 .24)
and
Pt =  Ki p k2 / £ (4.25)
Following the recommendation of Launder and Spalding (1974) the five empirical 
constants appearing in equation; 4.22 to 4.25 take the values given in Tab le  4.2.
Ta b le  4 .2  C o n s ta n t U sed in the k -  s M odel (L a i, e ta l, 1986)
K i K2 K3 c*
0.09 1.44 1.92 1.0 1.3
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Boundary conditions at the tundish system can be expressed as follows (Lai, et.al,
1986);
(1) Th e  momentum and scalar ( k, e) transport processes were modelled using the 
wall function method (Launder and Spalding, 1974).
(2) Zero flux or impermeability was imposed, for velocity com ponents normal to the 
wall. For velocity com ponents parallel to the wall, non slip conditions were 
imposed at the wall.
(3 ) A t the sym m etry planes and the free surface boundary, the normal velocity 
components and normal gradients of all other variable w ere set equal to zero.
(4) A t the inlet nozzle, the normal velocity was prescribed to be uniform and was 
calculated from the total volum e flow rate. Similar boundary conditions were 
imposed at the tundish outlet nozzle.
(5) Th e  inlet values of k, the level of turbulence kinetic energy, and e, the rate of 
turbulence energy dissipation, were estimated from the following relationship;
k, =  0.01 Up (4 .26)
and
£j = k}'5 / (dj / 2 ) (4 .27 )
where Ui and di is the normal inlet velocity and the width of the inlet nozzle, 
respectively.
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Th e  finite volum e method based on a hybrid central/upwind differencing schem e 
were used to discretize differential equations 4.19 to 4.23 (Lai, et.al, 1986). Th e  
whole set of equations w as solved by the S IM P LE  algorithm. Th e  solution of the 
descretized equations used a three-dimensional ‘Alternating Direction-lm plicit-like 
technique' iterative procedure (Lai, et.al, 1986).
Comparing the com puted flow patterns with the experimental results obtained from 
water model using laser Doppler anemometer technique, Lai, et.al (1986) found the 
general flow pattern and the magnitude of flow velocities in the various region of the 
tundish were similar. Th e  main discrepancy between experimental and predicted 
flows corresponds to the region around the entering je t Th e  computations showed at 
this point an incom plex vortex, whilst the experiments showed a complete 
recirculation. Lai, et al. (1986) also found that calculated turbulent kinetic energy 
fields were shown to be similar to experimental turbulent kinetic energy fields.
Tacke and Ludwig (1987) developed a mathematical model describing transport of 
particles in tundishes. Several assumption has been m ade in solving the equation of 
transport of particles, which can be listed as follows (Ta ck e  and Ludwig, 1987);
(1 ) Particles are neither generated nor lost in tundish. Therefore, particles 
coalescence and particle formation (from slag, refractory o r reoxidation of liquid 
metal) are ignored.
(2 ) Th e  particle diffusivity w as taken to be equal to the diffusivity of momentum. 
W ater model results showed that the degree of particle dispersion does not differ 
significantly from that of a tracer (Ta ck e  and Ludwig, 1987). Since tracer
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diffusivity js known to be close to momentum diffusivity, Ta cke  and Ludwig 
(1987) claimed that this assumption is reasonable.
(3) A  constant rise velocity due to buoyancy effect was used in the particle transport 
equation as an extra convective component in the upward direction.
Using the general purpose computer code Phoenics, to solve the set of transport 
equations, Tacke and Ludwig showed that the dimension of the tundish have some 
influences on the indusion removal rate, increased width and length were found to 
promote separation process due to increasing residence time of fluid in the tundish. 
This result is in agreement with experimental results by Marukawa et a/. (1984) on a 
1:2.6 scale water model with polyethylene partides as indusion model, in the other 
hand, they found that an increased bath level does not improve indusion separation 
due to neutralisation of the positive effect of increased residence time by the longer 
vertical distance that particles have to travel before reaching the surface. Th is  finding 
is in contrast to the results obtained by Nakajima et at. (1985) and Tanaka et at. 
(1985) that indusion separation was found to be better with higher bath levels, in 
addition, the model showed that the use of the dam and weir is not very effective for 
improving indusion removal rate. Th e  same result has been reported by Tanaka et 
at. (1985).
Szekely and El-Kaddah (1990) numerically predicted 3 -D  tundish fluid flows and heat 
transfer. Six sets of differential equation, namely; continuity, motion, thermal energy 
balance, tracer dispersion and the two sets of equation for k and s, has to be solved
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to determine fluid flows and heat transfer in a tundish. Using the commercial 
Phoenics code to solve the differential equations, Szekely and El-Kaddah (1990) 
showed that flow control devices have a mark effect on the velocity fields and 
turbulence patterns in a tundish. Mathematical model results indicated that flow 
control devices can play an important role in modifying the flow, surpressing 
turbulence and minimising short-circuiting or bypassing.
Recently, S. Joo and R.1.L Guthrie (1993) have developed an in house computer 
code, Metfiow 3 D, which can model three-dimensional turbulent flow, heat transfer, 
and inclusion flotation in a tundish. Th is  computer code w as used to solve the 
conservation equations for mass, momentum, kinetic energy, turbulent energy 
dissipation, inclusion particles and temperature. All these equations can be 
expressed in the general form;
+ diŷ p u ^ ) =  div^Tf gr ad^j + ( 4 . 2 8 )
Th e  term and coefficients occurring in this expression depend on the variable under 
consideration, $, and have to be specified individually. Th e  explicit formulations of $ 
defined for motion (u, v , w ), for turbulent properties (k, s), for the dispersion of fine 
particle (C ), and for the energy conservation (T )  are listed in Table 4.3
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Table 4.3 Definitions of T+, and S+ in Equation (4.28) (Joo, eta/., 1993)
* T* S*
Conservation of Mass 1 0 0
M om entum -x,y,z u,v,w Meff e (  àiA
âXj ( “ #  âx-J
Kinetic energy K to ff G  -  psKi
Dissipation energy s toff f ( K iG -K jp e
Inclusion Particles C Peff 0
Tem perature T Meff 0
Boundary conditions used to determine fluid flows in tundish were similar to the 
boundary conditions developed by Lai, et ai. (1986). T o  simplify the inclusion removal 
problem in a tundish, several assumption were used, which can be listed as follows 
(Joo, eta l, 1993);
(1) Particle has a spherical form and surface tension of particles has no effect on the 
particle velocity
(2) Th e  motion of particles in the range 20 to 250 fim in diameter follow Stokes 
velocity.
(3) Coalescence phenomena between inclusions particles was ignored
(4) Th e  tundish wall and flow modification devices are non wetting to inclusions 
within the m elt
(5) No generation of particle inclusions in tundish
Numerical solution of equation (4.28) w as performed using a computer code 
M E TF L O  3D developed by Joo, e ta l (1993). Th e  partial differential equations for u,
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k, s, T ,  and C  were discretized using the finite integral volume method. Th e  whole set 
of equations was solved using a semi-implicit tri-diagonal matrix algorithm marching 
schem e coupled with Gauss-Siedal routine (Joo, et.al, 1993).The S IM P LE algorithm 
was used to solve the pressure field.
T o  validate the results from mathematical model, Joo, et.ai (1993) also developed 
sensor equipment for the continuous detection of particles suspended in aqueous 
systems. Th e  experimental data obtained from a full scale water model tundish by 
using this sensor equipment achieve satisfactory agreement with predictions 
calculated by mathematical model (Jo o  and Guthrie, 1993). A  comparison of 
experimentally measured and predicted particle separation ratios is provided in 
Figure 4.8. In this figure, residual ratio is defined as :
R  = * W N in  (4-29)
where Njn and Nout denote the num ber density of inclusion at the inlet and outlet 
nozzles, respectively.
As can be seen from Figure 4.8, calculated and experimental results of residual ratio 
values are in good agreement. It also shows that a steady state condition achieved 
after about 20 minute (three mean residence time) following the continuous injection 
of inclusions into the tundish.
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Fig u re  4.8: C a lc u la te d  a n d  E x p e rim e n ta l V a lu e s  of P a rtic le  R e m o v a l R atio  a s  
a  F u n c tio n  of S to k e s  R is in g  V e lo c ity  a n d  T im e  of C a s tin g  fo r 
S in g le -S tra n d  W a te r  M o d e l T u n d is h  W ith : (a ) N o  F lo w  C o n tro l 
a n d  (b )  F lo w  C o n tro l (J o o  a n d  G u th rie , 1 9 9 3 )
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By using mathematical models, Joo  and Guthrie (1993) also found that the optimum 
placement for dam  and weir is at 1/3 distance between inlet and outlet nozzles and 
the difference between that and no flow controls would be significant for inclusions 
ranging between about 40 to 120 pm diameter, as shown in Figure 4.9. Beyond this 




Fig u re  4 .9 : R e s id u a l R a tio s  of In clu sio n  p a rtic le s  a s  a  F u n c tio n  of S to k e s  
R is in g  V e lo c ity  a n d  F lo w  C o n tro l L o c a tio n  f o r  a  F u ll S c a le  W a te r  
M o d e l of T u n d is h  (J o o  a n d  G u t h r ie ,1 9 9 3 )
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CHAPTER 5
DEVELOPMENT OF MATHEMATICAL MODELS OF 
INCLUSION REMOVAL FROM A TUNDISH
Numerous mathematical models have been developed to investigate the effect of 
various operating conditions on inclusion removal in the tundish, as discussed in 
chapter 4. In the present study, two mathematical models based on the mixing model 
(Kem eny eta l, 1962, Knoepke and Mastervich, 1986, Sahai and Ahuja, 1986, 
Nakajima eta l, 1987, Chiang, 1992) have been developed to predict the removal of 
inclusions in a tundish with and without gas injection.
In previous work (Nakajima et ai, 1987), the volum e fractions of mixing flow 
region, plug flow and dead regions were determined using energy balance models 
which required a com plex computational approach. A n  empirical approach using 
residence time distribution measurements developed by Sahai and Ahuja (1986), 
Knoepke and M astervich (1986) and Chiang (1992) w as used to determined those 
volume fractions in the present study. Th e  removal of inclusions in the plug flow 
region (both in the model of inclusion with and without gas injection) w as assumed to 
be governed by the Stoke’s velocity of the particle compared to Nakajima et al 
(1987) w ho assum ed that the upward velocity of the fluid governed the efficiency of 
the inclusion rem oval in this region.
99
Previous work on the mathematical model of inclusion rem oval in a tundish 
with gas injection (Nakajima etal, 1987) was developed based on the macroscopic 
approach where the interaction between particles and bubbles are not taken into 
account. Th is  model therefore can not be used to predict the effect of bubble size on 
the efficiency of inclusion removal in a tundish. In the present study a mathematical 
model based on the interaction between particles and bubbles w as developed. Also, 
Clift’s  model (Clift e t  ai, 1978) on the movement of particles and fluid flow patterns 
around particles w as adopted to determined the efficiency of collision between 
particles and bubbles. Th is  collision efficiency was used to determine the efficiency 
of inclusion removal in the tundish with gas injection. Since this model includes 
inclusion-bubble interactions, the effect of bubble size and particle size on the 
inclusion rem oval can be determined.
5.1 Inclusion Removal Without Gas Injection
Residence Tim e  Distribution measurements have shown that the fluid flow in tundish 
can be thought as consisting of three regions; plug flow region, mixed flow region 
and dead flow region as schematically shown in Figure 5.1 (Sahai and Sahuja, 1986; 
Chiang, 1992; Knoepke and Mastervich,1989). In the plug flow region, inclusions are 
mainly transferred to the slag by its buoyancy force. In the mixed flow region, 
inclusions are assum ed to be transferred to the slag according to the kinetic first­
order law. Th e  stagnant or dead region is the region with very low transfer process, 
therefore it is reasonable to assume that there is no inclusion rem oval at this region.
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F ig u re  5-1 Model of Inclusion Removal in Tundish 
(Nakajim a etal.1987, Sahai and Ahuja, 1986,
Knoepke and Mastervich,1989)
Joo and Guthrie (1993) suggested that inclusion particles in stagnant region continue 
to accumulate during casting.
Th e  overall rem oval efficiency of the above mixed model can be calculated by 
analysing the concentration of the inclusion in the input flow and the output flow of
'i
the tundish. If C jn is the inclusion concentration at the input flow and Cout the
inclusion concentration at the output flow, the expression of overall inclusion removal 
efficiency in tundish r&u is of the form,
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Vail = 1 - Cput
Qn
(5 .1 )
Th e  main characteristic of the mixing flow region is that the region contents are 
perfectly mixed so that the system properties are uniform through out. Th e  effluent 
composition is thus identical with the reactor contents.
Consider a mixing flow region in Figure 5.1 in which melts flows in and out at a 
volume flow rate Q m. Th e  concentration of inclusions in the inlet of the mixing flow
region is C* (num ber of partides/m3) and the outlet concentration is C ^ jt  (num ber of 
partides/m3). A  mass balance can be carried o ut by stating:
raie of number > 
of inclusion into 
^mixing flow region;
rate o f number  ̂
of inclusion out of 
^mixing flow region >
+
rate of disappearence' 
of inclusion in 
^mixing flow region >
(5 .2 )
Th e  kinetics of indusion removal from a well-mixed region of the tundish can be 
presented by first-order law (Nakajim a and Kawasaki, 1987; Leroy and Dignault,
1991), i.e rate of disappearance = km V ™  C ^ ,  therefore the above m ass balance 
can be written as follow,
C ^ Q i -  c S tQ i  + km VmCgrt (5 .3 )
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so that the exit concentration of inclusion from a well-mixed reactor will be













Nakjima et al. (1987) have studied the relationship between the rate of constant km
and rate of dissipation of energy density s™  in tundish using cold model experiment.
According to Nakajima et al. (1987) the rate of constant km in the mixing flow region 
follows
k = 0 .0 0 9 9
r ¿ ^ 5




(5 .7 )m n  ^
* = J v ®
in which Q| = the volumetric flow rate of the fluid 
pi = the density of the fluid 
V m = volum e of the mixing flow region 
vi = fluid velocity in the longitudinal direction
Th e  main characteristic of the idealised plug flow reactor is that there be no 
longitudinal mixing of fluid elements as they m ove through the reactor and that all 
elements of fluid take the sam e length of time to m ove from the reactor inlet to the 
outlet. A t this condition the composition of the fluid will vary with longitudinal position 
along the flow path. Therefore the material balance for inclusion in plug flow region 




Fig u re  5.2: Schem atic M ass Balance at Plug Flow  Reactor
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At steady state condition, the material balance for inclusion can be written as follows,
rate of number N 
of inclusion into 
vplug flow region,
rate of number > 
of inclusion out of 
^plug flow region j
+
rate of disappearance^ 
o f inclusion in 
vplug flow region ,
(5 .8 )
If the removal of inclusions in the plug flow region is assumed to be governed by 
floating velocity of the inclusion and the velocity of the inclusion in the longitudinal
direction is equal to the fluid flow velocity in the same direction v|, w e see for volum e 
dV  (Figure 5.2 ) th a t
rate of number > 
of inclusion into 
^plug flow region;
v j H W  C(x) (5 .9 )
rate o f number >
of inclusion out of 
^plug flow region >
vj H W C(x + Ax) (5 .10)
rate of disappearance^ 
o f inclusion in 
^plug flow region )
-  Up Ax W C (5 .11)
where vj = the fluid flow velocity in the longitudinal direction
up = the inclusion velocity in the vertical direction
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H = the liquid metal depth
W  = the width of the tundish
C (x ) = the inlet concentration of inclusion at the differential
volum e dV
C (x  + A x ) = the outlet concentration of the inclusion at the differential 
volum e
C  = the concentration of the inclusion at the differential volum e
d V
Introducing the equations (5 .9  -  5.11) in
C (x + A x ) -  C (x ) f - V
Ax VV| H\j
equation (5 .8 ) and rearranging gives,
C  (5 .12)





Integrating equation (5.13) along the plug flow region in the tundish
rCOUt d C
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and C j j t  =  C jp , using the following relation
Cin Cj,
C out _  
^ in
r (  c P rf
<% )  I c p
c £ * )
m J
in equation (5 .1 ) results in
(5.17)
_ < f  1  ̂ J  ^ V l
77 1 U  + km T^J  6XP[  Q| H  ,
(5.18)
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Th e  above equation shows the effect of mixing and plug flow volum e as well as the 
velocity of the particles, volumetric flow rate of the liquid and liquid depth on the 
overall inclusion removal in tundish. If the volum e fraction of the mixing and plug flow 
region can be found by using the Residence Tim e  Distribution measurement, the
inclusion removal in the tundish at certain operating conditions (H  and Qi at certain
values) can be predicted by using equation (5.18).
5.2 Inclusion Removal With Gas Injection
Th e  im provement in the quality of steel blown by inert gas has become of increasing 
interest to steelmakers. Th is  technique is not only used to achieve homogeneity in 
temperature and steel composition but also to enhance the inclusion removal 
process.
A  recent report studying the S 1O 2  inclusion removal from molten C u  to Li2 0 -S i0 2 -
AI2O 3 slag under A r gas injection stirring condition showed that the collection of
particles by gas bubbles is the rate controlling process ( Okum ura et a/., 1995). Th is  
result w as reached after carrying out experiments done at 1523 K  in the crucible with
diameter of 30, 40, 60 and 75 mm. Th e  gas flow rate of injected A r used in this
-12  -5  3
experiments was in the range o f 3 x 1 0  - 6 x 1 0  m / s  under the condition of
5
1523 K  and 1.013 x 10  Pa. Th e  kinetic data obtained under the above conditions
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showed that the apparent mass transfer coefficient for inclusion removal is 
independent of the gas flow rate and the crucible diameter. Th u s, it is suggested that 
the inclusion particles are rem oved from the melt mainly through adhesion to the gas 
bubble-metal interface.
Th e  interaction between rising bubbles and particles suspended in a liquid has been 
extensively studied because of its importance in mineral flotation. In the mineral 
flotation process, the solid is present in a dense slurry and the particles are denser 
than the liquid so there are few direct analogies to inclusion flotation from molten 
steel. However, much useful information can be found from the mineral flotation 
literature.
Th e  process of particle collection, from mineral flotation literature, may be divided 
into three processes; firstly, collision between particles and bubbles, secondly, 
adhesion of particles on bubble surface after collision and thirdly, subsequent 
detachment or non-detachm ent of particles from bubbles after the adhesion. Th e  
quantitative analysis of these processes in order to evaluate the effect of the factors 
involved in flotation such as bubble and particle size is obviously important in 
modelling of the whole flotation process. In other words, in order to model the 
flotation process, the efficiency of collision between particles and bubbles, the 
probability of adhesion after collision and the probability of detachment must be 
quantitatively evaluated.
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Collision between particles and bubbles is the fundamental necessary process 
leading to flotation of inclusion particles. H ow ever only few studies have been 
carried out to analyse the collision processes between inclusions and bubbles with a 
view to predicting the variation of collision efficiency with particle size and bubble 
size (Engh, 1992; Nem chenko and Popel, 1972; Szekely, 1976). Moreover, there is 
no published experimental data to verify the proposed models. Fortunately, there 
have been extensive work carried out to develop a theoretical model of particle 
collision in the field of mineral flotation.
Nem chenko and Popel (1972) developed relationships expressing the coefficient of 
flotation of suspended particles in the bubbles as a function of gas consumption 
required to give the desired amount of inclusion rem oval from the molten steel ladle. 
Th e y assum ed that the molten metal is uniformly aerated by the bubbles and each 
bubble rises in a straight line. Th e  flotation rate, according to Nemchenko and Pope!
(1972), therefore will be governed by the coefficient E c  defining the fraction of the 
total num ber of particles lying in a cylindrical colum n of the liquid with the same 
radius as the bubble radius. In other words, E c is the collision efficiency. Nemchenko
and Pope! (1972) determined the value of collision efficiency E c according to the
Levich’s analysis (1962) of collision efficiency between a spherical particle and a 
spherical collector (bubble).
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Th e  transfer of particles to a bubble in flotation process occurs mainly due to inertial, 
interception and diffusion mechanisms. Levich (1962) analysed those mechanisms 
and derived the collision efficiency of each mechanism as shown in Table 5.1. The  
actual transfer process of particles to bubble usually consists of the combination of 
those three mechanism s. In this process, the total collision efficiency is given by;
Ec = 1 -  (1 -  E b d ) ( 1 “ ElN T)(1  -  ElMP) (5 .19)
By using the sam e approach, Szekely (1976) theoretically investigated the removal
of solid particles from the molten aluminium by bubble flotation. Th e  successful
flotation of nonmetatlic particles from molten aluminium alloys, according to Szekely
(1976), requires the generation of large particle collecting surface areas in the form
of small gas bubbles and vigorous stirring of the metal. Szekely (1976) also
predicted that inclusions smaller than 1 pm are too small for flotation. Th e  removal
of 1 to 10 pm  particles from the melts occurs by interception mechanism and
therefore depends on the size distribution of the bubbles. Fo r the particles larger
than 10 pm the cleaning efficiency of the melt seem s to be assured either by
peripheral interception or by inertial impaction of the gas bubbles at the typical gas
-4  3
sparging rate used in the practical process (in the order of 8 x  10 m /kg of hot 
metal).
I l l
Table 5.1 Theoretical Individual Collision Efficiency
Collision
M echanism




Particles follow  the 
stream lines of the bubble 
without any change of 
magnitude and direction
R p  =  Radius of 
Particle
R b  = R adius of Bubble 
Stk =  Stoke num ber
2
p p R p  vB/18pR B 
pp =  particle density
V3  =  fluid velocity
p  =  fluid viscosity 
P e  =  P e d e t num ber
= v  R p/D
v  =  fluid velocity 
D  =  Brownian diffusi- 





Particles establish their 
own paths b y inertia 
which are distinct from  
the stream lines of the 
fluid
^  ■  (S tk  + 0 .0 6 )2
3. Brownian 
Diffusion
E b d =  3 .9 8 8  P e ' 3
F o r ve ry fine particle, the 
collision between particle 
and bubble occurs due to 
the diffusion process
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Engh (1992) theoretically derived the collision efficiency between a bubble and 
inclusions based on the interception mechanism. Th e  collision efficiency is defined 
as the ratio of num ber of particles that collide with bubble per unit time and number 
of particles per unit volum e multiplied by cross-sectional area of the bubble normal to 
the particle velocity and velocity of particles relative to the bubble. B y assuming that
the flow around the bubble is a potential flow and radius of the particle (R p ) is much
smaller than that of the bubble (Rb), the collision efficiency (Ec) is expressed as
follows,
(5 .20)
This equation is similar to the equation derived by Levich (1962)
Various theoretically collision efficiencies w ere also derived to explain the rate of 
flotation process in mineral processing. Th e se  various collision efficiencies are 
compared in Ta b le  5.2. It can be seen that the different m odels vary greatly in the 
prediction of collision rate due to the different conditions used to simplify the 
extremely complex nature of the relative motion of particles and bubbles in the real 
system. A s  pointed out by Jiang (1988), those flotation models are inappropriate to 
be used in describing the collision in flotation process due to the following 
deficiencies. Th e  first deficiency relates to the choice of the viscous drag coefficient,
Op, that is employed in the equation of motion of particle-bubble system . In these
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models, Stokes solution (G<j = 24/Re) had simply been used. Th is  only applies,
however, to very fine particles (i.e. for which Re < 0.01). Th e  second deficiency is 
that the effect of the inertial force and /or gravitational force in the particle-bubble
interaction were ignored. Th e se  forces, however, can only be neglected if pp/pf »
3
10 (Clift, 1978). Since in the case of inclusion flotation, the ratio of the densities of
inclusion to that of steel is significant and the diameter of the particles is in the range 
of 60 pm  -  200 pm , the effect of inertial and gravitational forces are important. 
Finally, the fluid flow pattern around the bubble is assumed to be either Stokes flow 
or potential flow, without consideration of the size range of the bubble. Jiang (1988) 
argued that the fluid flow pattern around the bubble varies, however, with the
Reynolds num ber Rep of the bubble. In other words, the fluid flow pattern depends
on the bubble’s size and velocity. In contrast, Chow  (1979) stated that the flow 
ahead of the sphere, on which the collision efficiencies are based, is only slightly 
affected by the Reynolds num ber. Therefore, it is reasonable to assum e a potential 
flow around the bubble.
Table 5.2 Calculated Collision Rates Between Particles and Bubbles
(Tra h a r and W arren, 1976)
Authors Num ber of Collision 
per sec per bubble
Conditions Definition o f sym bols
Sutherland
(1948)
3 ^ N p R p R B l +
no inertial effects, 
no gravitational effects, 
bubble and particle are 
rigid spheres, viscous 
flow
N p  = N o. of particle per unit voi
R p  = Particle R adius
R B  =Bubbte R adius 





;rN p  R p  R g  U r 
K i +  R p 2
particle in path of a  rising 
bubble,
no  inertial effect, 
gravity included,
Stokes o r potential flow
K i =  9p/(2 g  (p p  -  pf)
p  = fluid viscosity
g  = acceleration due to gravity
pp =  particle density
pf = fluid density
R eay and 
Ratcliff 
(197 3)
jrN p  K 2  R p  U r  
(collision regim e)




particle in path of a 
rising bubble, 
no  inertial effect, 
gravity included,
Stokes o r potential flow 
particles 3-20pm  
bubbles of order .1 mm 
particles < .2  pm
K2  = 1-4, depending on particle 
density
- 1 1
K3  = 1.17 x  1 0
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5.2.1 Mathematical Model of Particle-Bubble Collision Efficiency
Particle-bubble interaction in a molten steel system is complex. Therefore, for 
fundamental investigation of the particle-bubble collision, the first necessary step is 
to analyse the collision in a simplified system. Th e  modelled system consists of a 
single spherical bubble and a spherical particle within a quiescent body of liquid.
The large bubble rises at its terminal velocity Ut, the small particle far away are
moving toward it at a relative speed W  = U p -  U t in which Up is the terminal velocity
of the particle, as shown in Figure 5.3 (a ). If there were no fluid, all the particles 
contained within a cylinder of radius Rp ahead of the bubble would collide with it. In
reality the fluid flow around the bubble has a tendency to carry the small particles 
away from the central axis, so that only those contained within a sm aller cylinder of
radius Rc can m ake the collision. If it is assum ed that the particles are uniformly
distributed in the fluid, with N p particles per unit volume, the collision efficiency Ec is 
given by, '
7tRc2 H  N p 
a-Rb2 H N p
(5.21)
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Figu re  5.3 (a ) Partide-Bubble Collision System  
(b ) Schematic of Various Forces Acting on A  Spherical Particle
(5.22)Ec = (Rc/Rb) 2
where H is depth of the fluid from top to the bubble centre.
Th e  following assumptions w ere made in the calculation of Rc (Jiang, 1988);
(1 ) Th e  bubble and particle are rigid spheres. In actual, for only small bubble with 
diameter less than 3 mm behaves in molten metal essentially as solid sphere 
(Szekely, 1976; W ang et ai, 1996).
(2) Electrical interaction between the particle and bubble has a negligible effect on 
the motion of particles and bubbles in the collisions process.
(3) Th e  fluid velocity that is used to compute the drag on the particle is the velocity 
that would exist at the point occupied by the centre of the particle if the particle 
were not there.
Th e  above assumptions permit the motion of the particle and therefore the collision
process to be regarded as depending only on the hydrodynam ic conditions.
The  trajectory of the motion of the particle in the collision process could be predicted
on the basis of New ton’s Second Law of motion, by taking into account the various
forces shown schematically in Figure 5.3 (b ) i.e.;
(5 .23)
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where Rp is radius of the particle , pp is particle density and F are the various forces 
acting on the body. Th o se  forces are listed below:
( t )  T h e  gravitational force in the y-direction Fg ;
Fg =  (4/3) it R
3
P Pp9
(2) T h e  buoyancy force in the y-direction, Fp;
(5.24)
Fp  = (4/3) it Rp p fg (5 .25)
(3) T h e  viscous force: the total viscous force, F v> which is the sum of the skin friction 
and the form drag, is expressed in terms of a drag coefficient C<j;
F v = 0.5 n pf Rp2 w 2 C d (w ) (5 .26)
where w  is the velocity of the particle relative to the fluid, as shown in Figure 5.4. 
Th e  velocity vector of the particle relative to the stationary coordinate system is
W p, which has components U p  and V p in x and y direction, respectively. A t the
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location of the particle, the fluid velocity relative to the coordinate system is W f 
and has com ponents U f and V f in x and y-direction, respectively. Therefore,
x
F ig u re  5.4: Tw o-dim ensional Motion of Particle in Fluid
W  = W f -W | (5.27)
w = J ( u f -  upf  + (Vf -Vpf (5 .28 )
Th e  viscous force has the same direction as relative velocity W . Fv can be 
divided into two components, the one in y-direction, Fyy, and the other in the x - 
direction, Pyx;
Fyy — Fy SÌn ^ (5 .29)
and
Fyx  =  Fv cos $ (5 .30)
From  Figure 5.4, it can be seen that






(5.33)Fyy = 0.5 a  pf R p (V f-Vp) w  C<j(w)
2
_  2
Fvx = 0-5 rc pf Rp (Uf -Up) w  C d(w ) (5.34)
(4) Th e  added mass force, Fa , which acts on an accelerated particle due to the fact
that a certain volum e of adjacent fluid is accelerated with the particle. The  
com ponents of the added mass force are;






Fgx = 2/3 71Rp' pf (5 .36)
(5) Th e  history term, which attempts to account for the dependence of the 
instantaneous drag on the state of developm ent of fluid motion around the
particle, is expressed in term of history coefficient C h  (Clift et aL, 1978);
1 2 2
where w=dy/dt in the y-direction and w=dx/dt in the x-direction.
(6) Th e  inertial force Fj, w hich represents the left term in equation (5.23), could be 
divided into two com ponent: the one in the y  direction, Fjy, and the other in the x  
direction, F j*
Fjy = 4/3 Tt Pp
V dt2 J




Guthrie e ' a!. (1975) reported that the trajectory of the particle in molten metal could 
be satisfactorily determined without taking into account the history term. Therefore, 
the component of the equations for the particle are:
Fjy = Fb + Fg + Fvy + Fay (5.40)
Fix = Fvx + Fax (5.41)
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If Ut is the freely rising terminal velocity of bubble of radius Rb and p is the ratio of
the particle density and the solution density, by use of the following dimensionless 
variables:
X  = x/ Rb, Y  = y/Rb» R = r/Rb, Up = up/Uf,
V p = VpAJt, UpufAJt, W =w/Ut, T  = t Ut/Rb
Equation (5 .38) and (5 .3 9 ) become, respectively
d^Y =  1 fR t (l -  pfe , 3 R t(Vf -  VP)W  C d(w )
<rr2 (o.5+p)[ u,2 8R„ '




(0 .5 + p )
(r3 R ^
8 R p J
(u f - U p) w  Cd(w) • (5.43)
where the drag coefficient C<j, is still based on the dimensional velocity, w .
Equations (5 .4 2 ) and (5 .4 3 ) have been derived by Clift eta! (1978). Th o se  equations 
can be solved if the solution for the flow pattern around the bubble has been
determined to evaluate the parameter Uf and V f in the above equations.
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A s already mentioned, the fluid flow pattern around air bubble is assumed to behave
as a potential flow. Th e  velocity com ponents of a potential flow of uniform speed Ut











To  transfer them into cylindrical coordinates, the diagram in Figure 5.5 is used. It 
shows that,
uf = u r cos t -  u$ sin t (5 .46)
and
vf = -  ut sin t  + u$ cos 4 (5 .47)
Substituting from equations (5 .44) and (5 .45) and using geometrical relation between 
(R,<M and (x,r), w e obtain,
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r
Uf = M i  +
Rb3 (i/2 r2 -  x 2) !
(x 2 + r2 )572
(5.48)
3/2 R b3 x r 
Vf = '  Ut (x2 + r2)5*
(5.49)
By using the dimensionless variables, fluid velocity components become,
,, < 1/2 R  -  X z 
^  (X 2 + R 2 )5/2
(5.50)
w 3/2 X  R 
f '  (X 2 + R 2) 5/2
(5.51)
Th e  differential equation of motion of particle can be uniquely specified by the above 
fluid velocity equation. Th u s, the trajectory of the particle could be determined by a 
numerical solution of the two second order different al equations, equations (5 .42) 
and (5.43).
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F ig u re  5.5 Collision of Inclusion with Bubble Dashed Curves are 
the Stream line of Liquid Steel Around the Bubble 
and Bold C urves are T h e  Trajectories of Inclusions
Th e  collision efficiency w as computed by using a com puter program written to apply 
the fourth-order Runge-Kutta method reference to solve the equation (5 .42) and 
(5.43) according to the following procedure. Th e  initial distance of the particle from 
the bubble was assigned a value often  times of the bubble radius (i.e. X  = 10) rather 
than infinity. Th is  assumption would seem  to be reasonable because far above the 
bubble the fluid streamlines are almost parallel, which implies that trajectory of the 
particle is not influenced by the presence of the bubble. Th e  particle is assum ed to 
have reached its terminal velocity at the starting point of the numerical calculation.
Consider a first particle (X 01 =  10, Rq i  = 0 ) which can m ove along the centreline and
collide with the bubble. A n  integer value IV1 associated with this particle is assigned
the value +1 when collision takes place, otherwise it takes the value -1 . Next
consider a second particle with initial position at X o i= 1 0 , Ro2= R()1+ A  Ro where A  Ro
is a properly chosen increm ent Th e  trajectory of this particle can be determined by 
solving simultaneous nonlinear equation (5 .42) and (5 .43) by use of the fourth-order
Runge-Kutta method. Another integer variable Iy2 associated with the second
particle is defined as follows. If at a  later time the dimensional distance between the
centre of the second particle and that of the bubble is equal or less than (R p + R b ),
the particle collides with the bubble and w e let Iv2 =+1 If the condition for the 
collision has not yet been satisfied at a position just past the bubble, it cannot make
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the collision and w e let Iy2 = -1 - A t this stage the product of IV1 x  lV2 Is examined. If it
is positive, both the first and the second particles collide with the bubble. Under this 
condition A Rq keeps the sam e value. W hen the product is negative, indicating that
only one of the two particles collides with the bubble, a new A Ro is determined equal
to A Rq/2. In the next step, w e call the second particle as bur first particle and at the
same time assigned the previous value of R 02 to the variable R o i- A  new second
particle is located at (R o 2= R o i+ A  Ro). Th is  process is repeated until A R q is less 
than a specified small quantity e .
Th e  drag coefficient C<j is to be com pared based on the dimensional relative velocity
W . This value is approximated by expressions proposed by Clift, et a/. (1978), as 
shown in Table  5.3.
Th e  computer program for calculation of collision calculation and efficiency a sample 
of the calculation results are presented in Appendix A  Th e  program was written 
using the Quick Basic language.
129
Ta b le  5.3 Expression for Drag Coefficient, C d  
(Clift étal., 1978)
Re Cd
<0.001 3/16 + 24/Re
.01 -  20 {1+0.1315 R e(0.82-0.05 log R e )} 24/Re
20-60 (1+0.1935 Re0.6302) 24/Re
4. Flotation Model of Inclusion by Inert Gas
Th e  metal bath above the gas injector placed in tundish is assum ed to be uniformly 
aerated by the bubbles and that each bubble rises in a straight line. In this condition, 
the metal bath is segmented into multitude of imaginary bubble column. Since in 
tundish fluid flows in the horizontal direction, the num ber of bubble passing through 
each colum n for a given volume of fluid can be expressed as residence time of fluid 
in the bubble region and gas flow rate;
Q G T b =  n 4 ” ' ^ N* (5 .52)
The  num ber of gas bubbles required to reduce the inclusion content in the steel bath 
is a function of the particle collection efficiency. If all inclusions colliding with bubble
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can be captured and floated up the free surface or slag, the collection efficiency of 
the inclusion will be equal to the collision efficiency between inclusions and bubble
(Ec). Assum ing a constant collision efficiency, the num ber of inclusions captured by
the first, second, and n-th bubbles is given by (Szekely, 1976; Nemchenko and 
Popel, 1972),
Ci = Ec C0 (5.53)
C2 = Ec (C0 - C i) = Ec C0 (1 - E) ’ (5.54)
c 3 = Ec C o  (1-Ec)2 (5.55)
and the number of inclusion collected by the -nth bubble
Cn = Ec C0(1-Ec)(n' 1) (5.58)
The num ber of inclusions captured by n num ber of bubbles in each column is,
¿ C n = C 0 ( 1 - ( 1 - E c) n) (5.59)
npl
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Th e  num ber of bubbles required to reduce inclusion content to one x-th, therefore 
can be determined from the following equation;
C q (1-1/x ) = C 0 (1 -(1 -E c ) NX) (5.60)
Th e  removal efficiency of particle (% R ) therefore is given by
% R  =  C 0 (1 -(1 -E c ) NX) (5 .61 )
Th e  above equations shows that the removal efficiency of particles is a function of 




A  cold model w as used to investigate the effect of various operating parameters, 
especially the injection of the gas, on the fluid flow characteristic and the removal of 
inclusion in tundish. Th e  behaviour of fluid flow was studied using Residence Tim e 
Distribution measurements, while the inclusion removal w as investigated using 
continuous injection of polyethylene particles as a model of inclusions. The 
experimental equipment were designed, built and modified to allow the best possible 
simulation of the fluid flow and inclusion removal in a tundish.
6.1 Similarity Criteria
Th e  fluid flow study in an actual tundish system is a difficult task. Th e  size of the 
reactor, the opacity of the reactor and most importantly the high temperatures 
involved in the actual continuous casting steel make it difficult to obtain actual data 
which might be used to gain better understanding of the various phenomena 
occurring in the tundish. Cold modelling therefore has becom e an important process 
modelling tool.
Since hydrodynamic study of steel flows in tundish are not concerned with thermal 
and chemical similarity effects, it is accepted that the system should be modelled
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based on geometric and dynam ic similarity (M azum dar et al., 1995). Geometric 
similarity between a model and actual system is maintained when the ratio of 
physical dimensions in the actual system or prototype and the model is constant. 
Dynamic similarity, on the other hand, is maintained between the model and actual 
system when the ratio of various forces acting on the actual system at a given time 
and location to that in the model is constant.
The  balance between various forces acting on a fluid element can be described via 
the Navier-Stokes equation, which can be derived from the consideration of balance 
of momentum of the fluid in the system. A  dimensional analysis of the equation yield 
two dimensionless numbers; Reynolds and Froude number (Mazumdar, 1990). 
These numbers have been considered as the most important dimensionless number 
in characterising the fluid flow behaviours in a flowing system such as a tundish. 
(M azum dar e ta l., 1995, Knoepke and Mastervich, 1986).
The Reynolds num ber represent the ratio of the inertial force to the viscous force and 
is expressed as
Re
pu  L 
M
(6.1)
where p is the density of the fluid, u is the velocity of the fluid, L is the characteristic 
length of the system and \i is the molecular dynamic viscosity of the fluid. Froude
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number, on the other hand, represents the ratio of the inertial to gravitational force 




where g is the acceleration due to gravity.
If the ratio of the inertial to viscous forces and inertial to the gravitational forces is 
wanted to be similar, then
(Re )m  = (R e)a (6.3)
(F r)m = (F ife (6.4)
in which the subscripts m and a refer to the model and the actual steel tundish 
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W ater has been widely used as the modelling fluid in the cold model of the steel 
tundish system. Apart from it being easy to obtained, low cost and chemically safe, 
the most important factor in its choice as the modelling fluid is that the kinematic 
viscosity of water is d o se  to that of liquid steel. Th e  kinematic viscosity of water at
20°C and liquid steel at 1600°C are Ix lO "6 and 9x1 O'7 m2/s, respectively (Chiang,
1992). Therefore, it can be assumed that
(p / p )m  = (p 'p )a (6.7)
Applying this equation to the equation (6 .5 ) and (6.7) results
( u L )m = (u L)a (6.8)
(u2 / D m  =  (U2 / L )a (6.9)
These equations show  that simultaneous satisfaction of the Reynolds number and 
Froude num ber in a model and a prototype is possible only when the model is full
scale (L m=Lp). In som e industrial research activities, full scale water modelling is 
preferred as it is generally felt that the satisfaction of the Reynold num ber criteria is
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essential for proper modelling of the fluid flow behaviour in the actual tundish system. 
In any reduced scale water model, the Froude num ber criteria is more important than 
the Reynold number criteria, since flow phenomena in the tundish system are largely 
dominated by inertial and gravity forces rather than viscous force which are relatively 
unimportant (M azum dar et al.t 1995).
In this study, the Froude num ber criterion w as used to determined the relationships 
between the time scales and the volumetric flow rates of fluid in scale model and the 
prototype of vertical walled tundish. Th e  relevant relationships between the two can 
be expressed as follows:
Lm = ^  *-p (6.10)
(6.11)
(6.12)
where X is the scale of reduction.
The above relationships were utilised to select the 1/5 scale model to be the size of 
the rig. Th e  motivation for using one-fifth scale water model is the inherent saving in 
space, time and operational cost involved. Ta b le  6.1. shows important parameters
for the model and the actual tundish system used previously by Sahai and Ahuja 
(1993) which were representative of the values commonly found in a typical slab 
casting operation.
Table  6.1 Som e important Parameters for Th e  Model and Actual Tundish
Parameters Prototype Model
Tundish Length (m ) 3.96 0.738
Tundish W idth (m ) 0.915 0.183
Tundish Depth (m ) 0.81 0.162
Inlet Diameter (m ) 0.076 0.015
Outlet Diameter (m ) 0.0555 0.011
Volumetric Flow  Rate (l/min) 560 10
Polyethylene particles have been used to simulate the inclusion in the cold modelling 
study (Sahai and Ahuja, 1993; Nakajima et aL, 1990; Marukawa et a/., 1984; 
Nakajima and Kawasaki, 1987). Apart from its availability, low cost and its lower 
density than that of water, the most importance factor in its choice as the inclusion 
model is that polyethylene particle is unwetted by water. Th e  particle therefore will be 
captured by bubbles if it collide with the bubbles during gas injection in tundish. Since 
inclusions in steel mostly are nonwetted by steel, the similar mechanism has been
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proposed to explain the removal of inclusion from steel blown by inert gas (Okum ura 
etaL, 1995).
6.2 Experimental Apparatus and Materials
Th e  schematic diagram of the experimental apparatus is represented in Figure 6.1. A  
photograph of the experimental apparatus is shown in Figure 6.2.
Th e  tundish was made of plexiglass with thickness of 0.005 m which is d e a r to allow 
easy viewing of the fluid flow characteristic and cost effective. Som e important 
parameters for the tundish model were shown in Table  6.1. Th e  tundish was made 
with an outlet to simulate the submerged entry nozzle feeding the steel into the 
mould and a gate valve to adjust the flow out of the tundish.
In this experiment, water was piped from a domestic water supply tap and filtered 
(Purefiow model W F  10P) before entering the tundish, and then allow to drain at the 
outlet T h e  fluid flow rate into the model was controlled by a gate valve and 
rotameter. A  Playton Gapm eter type r  B S P F Brass rotameter capable of 
maintaining water flow rates of 2 to 20 l/min was used to control fluid flow rate 
entering the tundish. Th e  inlet was located flush against the wall to represent flow 
into asymmetrically half of the twin strand tundish. Th e  outlet was located 0.67 m 
from the inlet stream.
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Glass encapsulated thermistors were used to measure temperature distribution in the 
outlet nozzle after the heat pulse was introduced at the inlet nozzle. These are 
temperature dependent resistors that enable temperature variations to be recorded 
as changes in the voltage across the thermistor. Stainless steel tubes were used as 
sheaths for the connecting wires between the thermistors and the IBM laptop 
computer to which data was logged. Com puter Boards PPIOAJ8 was used to convert 
the voltage changes from thermistors to digital numbers.
Particle feeding system consisted of a feeding tank with Ystral Gm bH propeller 
agitator type x 1020 and Masterflex perilstatic pump model 7021-24. At the feeding 
tank, polyethylene particle were mixed with 1 I of methanol. In the preliminary 
experiments, polyethylene particles readily coagulated when water was used as the 
mixing fluid. Methanol was used to prevent particle coagulation. Th e  same method 
has been successfully used by Nakajima and Kuwatori (1987). A  periisatic pump was 
used to inject the polyethylene particles continuously during the experiments at a flow 
rate of 0.05 l/min.
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Figure 6.2 Schematic Diagram  o f  Experimental A pparta
F ig u re  6.1 Schematic Diagram of Experimental Apparatus
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F ig u re  6.2 P h o to g ra p h  of E x p e rim e n ta l A p p a ra tu s
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Th e  bubbling element was made of perspex. Figure 6.3 shows the schem atic 
diagram of the bubbling element. Th e  top of the box had holes which are varied both 
the quantity and the diameter. Th e  box was connected to a Platon gas flow meter 
type G T V  % " B S P F  rotameter through a thin glass tube positioned at the middle of 
the end length of the box with a rubber hose. Th e  gas flow meter was connected to 
the bottle contained industrial grade nitrogen and capable of maintaining gas flow 
rate of 1 to 12 l/min.
A  stainless steel sieve with 30 jum apertures w as placed in the sink located at the 
end of the rig, w here the outlet pipe w as directed to. It allowed the particles to be 
collected while the water was able to flow down the drain. W hen each the experiment 
was completed, the sieve contents was filtered using a piece of grade one filter 
paper. T h e  filter paper and its contain w ere then dried in the furnace at approximately
110°C for certain time until the weight of the filter paper and its content w as stable
(usually 10 hours). Before weighing, the sample (filter paper and its content) w as put 
in a desiccator to prevent moisture absorption from the atmosphere until its 
temperature reached the room temperature (approximately 0.5 hour). Dried sam ples 
were weighed on an analytical balance.
In this experiment, polyethylene particles were supplied by Hoechst Australia Limited. 












Figure 6.3 Schematic Diagram of Bubbling Elements
In preliminary experiments, it w as recognised that the particles which had reached 
the surface easily re-entrained to the bulk fluid (Koisky, 1995). A s  a result, it was 
decided to use a liquid as a “slag" layer which could absorb the particles and prevent 
them from being re-entrained. Silicon oil w as chosen because of its lower density 
than that of water, non-miscibility with water and the most importantly its greater 
ability to wet particles compared to water. A  contact angle of 75° w as measured 
between the polyethylene particles and silicon oil (Koisky, 1995). Th e  specific gravity 
of the silicon oil is 0.963.
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Industrial nitrogen for gas injection was supplied in cylinders by C IG  Ltd. Th e  flow 
rate of the gas w as controlled by a Platon gas flow meter type G T V  % " B S P F  
capable of the maintaining flow rate of 2 to 10 l/min.
6.3 Experimental Procedure
A  stimulus response technique utilising a thermal tracer, developed to study counter 
current reactor behaviour at University of Wollongong, was used to determine the 
R TD  of the model under a range of operating conditions (Bohlsen, 1994; Treverrow , 
1995). Therm istors w ere positioned at the fluid inlet and outlet A  heat pulse w as 
introduced to the fluid flow at the fluid inlet pipe. Th e  response of the model at the 
inlet and outlet w as recorded by the thermistors and saved to disk using the data 
acquisition system for subsequent analysis.
Residence Tim e M easurem ents were carried before injection of the polyethylene 
particles to simulate inclusion removal in actual tundish. Tab le  6.2 indicates the 
various operating param eters used in the experiments. Experiments were carried out 
with depth of fluid varied from 14 to 18 cm, keeping the volumetric flow rate of fluid to 
be constant at 10 l/min. T o  investigate the effect of the fluid flow rate on the fluid flow 
behaviour and removal of inclusion in tundish, the fluid flow rates varied from 6 to 14 
when the depth of the fluid was set to 0.16 m. G as w as injected through the gas 
injector with hole diameters of 0.0006 and 0.001 m to study the effect of gas injection 
on the fluid flow and inclusion removal behaviour in tundish. G as flow rates varied
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between 1 to 6.5 l/min when the depth of the fluid and fluid flow rate were set 0.16 m 
and 10 l/min, respectively. In this experiments, the effect of gas injector locations on 
the fluid flow behaviour and inclusion removal efficiency was also investigated. Three 
locations of gas injector, as shown in Figure 6.4, were chosen.
After carrying out residence time distribution measurement, polyethylene particles 
were mixed at the mixing tank and injected into the inlet pipe using perilstatic pump 
at constant rate. Four different size ranges of the particle were used to investigate
the particle size effect on inclusion removal efficiency. In this experim ent the
. 8 
concentration of the particle in the inlet fluid was maintained at approximately 10
3
particles/m as previously used by Joo and Guthrie (1993). Th e  procedure for
determination of the particle concentration used in the experiments has been 
described by K dsky (1995). Th e  experiment continued for 20 minutes at a constant 
fluid flow rate. Sam ples of the particles that had escaped the tundish into the outlet 
were taken for 1 minute at 15, 17 and 20 minutes after initial injection of the 
polyethylene particles.




x 100 = Percent Removal (6.13)
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where W j is the weight of particles injected continuously at the inlet for 1 minute and
W 0 is the weight of the particles escaped at the outlet for 1 minute. Further detail of 
the development of the procedure is described by Kolsky (1995).
Ta b le  6.2 Experimental Param eters in Cold Model Experiments
Fluid Depth 
(cm )
Fluid Volum etric 
F lo w  Rate
(  l/min)
G a s  Volum etric 
Flow  R ate
(  l/min )
Hole Diam eter of 






14 6 2 0.6 7 5 -1 0 5 A
15 8 3 1 1 0 5 - 1 5 0 B
16 10 4 1 5 0 - 2 1 0 C
17 12 5.5 2 1 0 - 2 5 0
18 14 6.5
Note : Configuration A  : Bubble Elem ent was placed at 20,5 cm from the inlet 
nozzle
%
Configuration B : Bubble Elem ent was placed at 41 cm from the inlet 
nozzle




EXPERIMENTAL AND MATHEMATICAL MODEL RESULTS
7.1 Experimental Results
7.1.1 Residence Tim e Distribution Measurement Results
Th e  techniques used to investigate the effect of various operating parameters on 
fluid flow behaviour in tundish was based on injecting a heat pulse into the tundish 
inlet nozzle and measuring the temperature changes in the tundish outlet nozzle. All 
the heat pulses were injected over a short period of time which result in a C  type or 
pulse input test (Knoepke and Mastervich, 1986). A  typical response curve obtained 
from the experiments is shown in Figure 7.1. It is similar to response curves obtained
using KM nÜ4 as a tracer in other cold model tundish studies (Knoepke and 
Mastervich, 1986; Sahai et a/., 1990).
Each Residence Tim e Distribution (R T D ) curve obtained in the study is characterised 
by tmin, tpeak and tmean- Th e  time for the first appearance of the tracer (tm in) and
the time to the peak temperature (tpeak) at the outlet
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T im «  (second)
Figure 7. 1: A  Typical Residence Tim e Distribution Curve
nozzle are determined from the Residence Tim e Distributions curves. Th e  mean
residence time (tmean) was calculated using equation (4.6).
As shown in equation (4 .3), the average residence time in the tundish is effected by 
the volume of the tundish and casting rate. Increasing the height of the fluid in 
tundish increases the average residence time. Decreasing the casting rate for a 
certain tundish height also increases the average residence time.
Table 7.1 and Table 7.2 illustrate the effect of the fluid height and casting rate on the 
fluid characteristic in the tundish. It can be seen in Table  7.1 that the increasing fluid
height from 140 to 180 mm resulted in a decrease in tmin. tmean and tpeak fr°m 15
to 25 s, 95 to 115 s and 47 to 67 s, respectively. Th e  increase of tm jn, tmean and
tpeak increased the volum e fraction of plug flow in tundish which is important to 
facilitate the inclusion removal, as discussed in section 7.2.1. In comparison, 
increasing fluid flow rate from 8 to 16 l/min resulted in a decrease in tmjn, tmean and
tpeak from 24 to 15 s, 129 to 73 and 68 to 45 s, respectively, as shown in Table 7.2.
Since the extent of plug flow is proportional to the tmin and tpeak» as indicated in
equation 4.9, the decrease in tmin and tpeak decreased the plug flow volume 
fraction.
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1 0.183 0.738 0.14 10 15 94 47 113
2 0.183 0.738 0.15 10 19 101 52 121
3 0.183 0.738 0.16 10 21 105 56 129
4 0.183 0.738 0.17 10 23 111 59 137
5 0.183 0.738 0.18 10 2 5 115 67 146



















6 0.183 0.738 0.16 8 24 129 68 162
7 0.183 0.738 0.16 10 21 105 56 129
8 0.183 0.738 0.16 12 18 90 51 108
9 0.183 0.738 0.16 14 16 81 47 93
10 0.183 0.738 0.16 16 15 73 45 81
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Th e  fraction of plug, mixing and dead flow in tundish can be obtained from R TD  data 
using equations 4.9, 4.10 and 4.11. Table 7.3 shows that as the height of the fluid in 
tundish increased, the plug and the dead volume fraction increased, whilst the mixing 
volume fraction decreased. Increasing the fluid height from 14 cm to 180 mm 
resulted in a 19%  increase in the plug volume fraction from 0.27 to 0.32, 24%  
increase in the dead volume fraction from 0.17 to 0.21, and 16% decrease in the 
mixing volum e fraction from 0.56 to 0.47.
Table 7.4 shows the effect of casting rate on the fluid flow characteristic in tundish. It 
is illustrated that the increasing casting rate increased the mixing volum e fraction and 
decreased both plug and dead volume fraction.
In the present work, the gas injectors with two different hole sizes were used to study 
the effect of bubble size on the fluid flow behaviour and removal of inclusion in 
tundish. Th re e  locations, as schematically shown in Figure 6.4, were chosen to place 
the gas injector for the study of the effect of locations. In these trials, the gas flow 
rates were varied from 2 to 6.5 l/min.
Figures 7.2 to 7.5 show the relationship of minimum residence time with gas 
injection rates, bubble size and gas injector locations in tundish. A s  previously 
discussed, minimum residence time was measured from the interval between tracer 
signal input and the first tracer detected at the outlet nozzle of the tundish and can 
be used to represent the intensity of short
152




















11 0.183 0.738 0.14 10 0.27 0.17 0.56
12 0.183 0.738 0.15 10 0.29 0.17 0.54
13 0.183 0.738 0.16 10 0.30 0.19 0.51
14 0.183 0.738 0.17 10 0.30 020 0.50
15 0.183 0.738 0.18 10 0.32 0.21 0.47











Flow  Rate 
(l/min)







16 0.183 0.738 0.16 8 0.28 0.21 0.51
17 0.183 0.738 0.16 10 0.30 0.19 0.51
18 0.183 0.738 0.16 12 0.32 0.17 0.52
19 0.183 0.738 0.16 14 0.34 0.12 0.54
20 0.183 0.738 0.16 16 0.37 0.10 0.53
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F ig u re  7 .2 : Variation of tm* with Gas Flow Rates and G as Injector Location
Figure 7.3: Variation of W  with Gas Flow Rates and Bubble Size for Gas Injector
Placed at Location 1
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Figure 7.4: Variation of tn«, with Gas Flow Rates and Bubble Size for Gas Injector
Placed at Location 2
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G a s  F l o w  R a t e  ( l / m i n )
Figure 7.5: Variation of W , with Gas Flow Rates and Bubble Size for Gas Injector
Placed at Location 3
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circuiting. Clearly the minimum residence time was sensitive to the amount of gas 
and location of the gas injector. Th e  minimum residence time fell as the gas injection 
rates increased. Th is  is true for the three locations of the gas injectors, as can be
seen in Figure 7.2. It is also shown that the decrease of tmjn depended on the gas
injector locations. Location 3 gave the minimum tmjn for 9as injection flow rates
between 0 to 4 l/min. Since at location 3, slag entrainment was observed to occur 
when gas flow rates reached 4 l/min, it was decided to study the effect of gas 
injection at this location only up to 4  l/min. For gas flow rates between 4 to 6.5 l/min,
tmin resulted from gas injection at location 2 was slightly higher than that of location
1.
It has been argued that the increase of short circuiting intensity resulted from gas 
injection will result in decreasing the efficiency of inclusion removal in tundish 
(Chiang, 1992). However, the results of cold model in the present work show that 
there was no correlation between short circuiting intensity with the inclusion removal
efficiency as will be discussed in section 7.2.1. Th e  decrease of tmin 38 th© 9©s flow
rate increased is possibly due to the effect of creation of the short circuited liquid and 
the acceleration of the inlet stream velocity.
Tw o  different hole sizes of gas injectors, ie 0.6 mm and 1 mm, were used in the 
experiment to study the effect of bubble size on the residence time distribution of 
fluid in tundish. In this study, bubble size were predicted using method developed by
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Bhavaraju et a/. (1978) as described in the Appendix B. For hole diameters of 0.6 
and 1 mm the calculated bubble diameters are 3 and 3.5 mm, respectively.
Figures 7.3 to 7.5 show the effect of bubble size on tmjn at three locations of gas
injectors in tundish. It seem s that bubble size had an insignificant effect on t ^ jn  at all
locations of the gas injector, thought it must be remembered that only two bubble 
sizes were utilised in this study.
The  effects of gas flow rates, location of gas injector and bubble size on tpeak are
illustrated in Figures 7.6 to 7.9. A s seen in those figures tpeak initially increased with
increase in gas flow rates, but after gas flow rates reached 2 l/min, tpeak decreased.
Figure 7.6 also shows that tpeak was dependent on the location of the gas injection.
It can be seen that location 3 resulted in minimum tpeak for 9as flow rates between 0 
to 4 l/min. Figures 7.7 to 7.9 show that bubble size had an insignificant effect on 
tpeak-
Figures 7.10 to 7.13 show  the effect of gas injection on tmean- It dearly shows that 
tmean tends to increase with increasing gas flow rates. Th e  location of
159








F ig u re  7.7: Variation of tpeak with G a s Flow  Rates and Bubble S ize for G a s  Injector 
Placed at Location 1
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75
Figu re  7.8: Variation of tpeak with G as Flow  Rates and Bubble Size for G a s Injector
Placed at Location 2
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Gas Flow Rate (l/min)
F ig u re  7 .9 : Variation oftpeak with G as Flow  Rates Bubble S ize and G as Injector








Figure 7.10 Variation of tmean with Gas Flow Rate and Gas Injector Location in
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Figure 7.11 Variation of tmean with Gas Flow Rates and Bubble Size for Gas







Figure 7.12 Variation of tmean with Gas Flow Rates and Bubble Size for Gas
Injector Located at Position 2
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Gas R o w  R ate  ( l /m in )
injector Located at Position 3
Figure 7.13 Variation of tmean with Gas Row Rates and Bubble Size for Gas
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the gas injector also seems to influence tmean* In Figure 10, placement of gas
injector at location 3 resulted in maximum tmean for aH gas flow rates. Figures 7.11
to 7.13 illustrate that tmean w as independent of bubble size, thought only two bubble
sizes were used and therefore it is difficult to draw a general conclusion about the 
effect of bubble size.
A s previously discussed in Chapter 4, the fraction of plug, mixing and dead flow 
region in tundish can be obtained from R TD  data using equations 4.9, 4.10 and 4.11. 
Figures 7.14 to 7.17 show variation of plug flow volum e fraction in tundish with gas 
flow rates, bubble size and gas injector location. In Figure 7.14 plug flow volume 
fractions initially increased as gas flow rates increased from 0 to 2 l/min. Further 
increase of gas flow rates from 2 to 6.5 l/min decreased the plug flow volume fraction 
in tundish. Figure 7.14 also illustrates that the location of gas injector Ih the tundish 
influenced the plug flow fraction. Placement of the gas injector at location 3 gave
minimum plug flow volum e fraction which is due to the minimum tmin at location 3.
Since bubble size had insignificant effect on the residence time distribution, it had 
also insignificant effect on the plug flow volum e fraction in tundish as shown in Figure 


















G a s  F l o w  R a t e  ( l / m i n )
Figu re  7.14 Variation of Plug Flow  Volum e Fraction with G as Flow Rate and G as

















Figure 7.15 Variation of Plug Flow Volume Fraction with Gas Flow Rate and Bubble

















Figure 7.16 Variation of Plug Flow Volume Fraction with Gas Flow Rate and

















G a s  F l o w  R a te  ( l / m i n )
Figure 7.17 Variation of Plug Flow Volume Fraction with Gas Flow Rate and Bubble
Size for Gas Injector Placed at Location 3 in Tundish
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As shown in Figure 7.18, the mixing flow fraction in the tundish initially decreased 
with increasing the gas flow rate from 0 to 2 l/min, when the gas injector placed at 
location 1 and 2. Further increase of gas flow rates from 2 to 6.5 l/min resulted in 
increasing mixing volum e fraction in tundish. For gas injector placed at location 3, 
mixing volume fractions increased with increasing gas flow rate from 0 to 4 l/min. 
Figure 7.18 also shows that location 3 gave maximum mixing flow fraction for gas 
flow rates between 0 to 4 l/min.
In the experiment “slag” entrainment was observed to occur at gas flow rates above 
4 l/min when the gas injector w as located at position 3. For gas flow rates between 4 
to 6.5 i/min only gas injectors at location 1 and 2 were studied and the experimental 
results show that there w as no significant difference of mixing flow fraction resulted 
from injection of gas at those locations. Sim ilar to the effect of bubble size on mixing 
flow volume fraction, it is shown in Figures 7.19 to 7.21 that bubble size has 
insignificant effect on the mixing flow volum e fraction in the tundish.
Figures 7.22 to 7.25 show  the relationship between dead flow volume fraction in 
tundish with gas flow rate, bubble size and gas injector location. A s  seen in Figure 
7.22, dead flow fraction in the tundish decreased as injected gas flow rates increased 
from 0 to 6 l/min when the gas injector w as placed at locations 1 and 2 and from 0 to 
4 l/min when the gas injector w as placed at location 3 in the tundish. Figure 7.22 also 
shows that location 3 has minimum dead flow fraction for gas flow rates of 0 to 4 






















Figure 7.18 Variation of Mixing Volume Fraction with Gas Flow Rate and Gas






















Figure 7.19 Variation of Mixing Volume Fraction with Gas Flow Rate and Bubble
























Figure 7.20 Variation of Mixing Volume Fraction with Gas Flow Rate and Bubble























G a s  F l o w  R a t e  ( l / m i n )
Figure 7.21 Variation of Mixing Volume Fraction with Gas Flow Rate and Bubble















Figu re  7.22 Variation of Mixing Flow Volume Fraction with G as Flow Rate and Gas



















Figure  7.23 Variation of Mixing Flow Volum e Fraction with Bubble Size for G as






















Figu re  7.24 Variation of Mixing Flow  Volume Fraction with Bubble Size for Gas

























G a s  F l o w  R a t e  ( l / m i n )
Figure  7.25 Variation of Mixing Flow Volum e Fraction with Bubble Size for G as
Injector Placed at Location 3 in Tundish
1 S 1
relatively lower dead flow volum e fraction than that of location 1 for gas flow rates of 
0 to 6.5 l/min. Since bubble size had an insignificant effect on tmean for all the
locations of gas injector, dead flow fraction in tundish is independent on bubble size, 
as schematically shown in Figure 7.23 to 7.25.
7.1.2 Results o f S im ulation  of N on-m etailic Inclusions U sin g  Polyethylene  
Particles
Figure 7.26 shows experimental results of particle removal efficiency as a function of 
the fluid height. It is shown that the increasing depth of the bath tends to increase the 
removal efficiency of the particle. A s  the fluid depth increased from 140 to 180 mm, 
the removal of the particle obtained from water model experiment increased from 16 
to 21% , 23 to 3 2 % , 33 to 4 4 %  and 47 to 57%  for particles with diameter in the range 
of 75 -105, 105-150, 150-210 and 210-250 pm, respectively. Figure 7.26 also 
illustrates that the removal efficiency of the particle is greatly affected by particle size.
Figure 7.27 illustrates the effect of casting rate on the inclusion removal efficiency in 
tundish. It is shown that the increasing casting rate resulted in a decrease in the 
particle removal efficiency. For example, increasing fluid flow rate from 8 to 16 l/min 
reduced the efficiency of particles of size range 7 5 - 105 pm from 26 to 14 % . This 
figure also shows that the removal efficiency of particles was dependent on the 
particle size. Th e  removal efficiency of the bigger particles was higher than that of 
the smaller ones.
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F l u i d  H e i g h t  ( m )
—©—  D p = 0 .0 7 5  -  0 . 1 0 5  m m  
—D — D  p =  0 .1 0 5  _ 0 . 1 5 0  m m  
— ù —  D  p =  0 .1 5 0  -  0 .2 1 0  m m  
— Q —  D  p =  0 .2 1 0  - 0 .2 5 0  m m
Figure 7 .2 6 : Th e  Effect of Fluid Height on the Rem oval Efficiency of the Particles
183
F l u i d  F l o w  R a t e ( x 1 0 ~ 4m? / s ) _____________
D  p = 0 .0 7 5 -0 .1 0 5  m m  — o —  D  p = 0 .1 0 5 -0 .1 5 0  m m 
D  p = 0 .1 50 -0 .2 1 0  m m - x - D  p =  0.210 -  0 .250 m m
Fig u re  7.27: Th e  Effect of Fluid Flow  Rate on the Particle Removal
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Figures 7.28 to 7.33 show experimental results of particle removal efficiency as a 
function of gas flow rates and particle size. It is shown that gas flow rates and 
particle size significantly influence the inclusion removal efficiency in tundish for all 
location of the gas injector. For the gas injector with hole diameter 0.6 mm (bubble 
diameter 3 m m ) placed at locations 1 and 2, it is shown that the removal efficiencies 
of particles incteased with increasing gas flow rates from 2 to 5.5 l/min. Further 
increase of the gas injection from 5.5 to 6.5 l/min resulted in decreasing removal 
efficiency of particle in tundish. Re-entrainment of the particles in the “slag” at high 
gas flow rates w as observed which may explain this drop in efficiency. W hen gas 
injector was located at position 3, it was observed that “slag" entrainment occurred at 
lower gas flow rates, i.e 4 l/min. Therefore, for this location, the removal efficiency of 
particles increased with increasing gas flow rates from 2 to 3 l/min but decreased 
with further increase of gas flow rates. Similar trends were obtained using the gas 
injector with hole diameters of 1 mm (bubble diameter 3.5 mm), as shown in Figures 
7.31 to 7.33.
Figure 7.34 to 7.36 show the effect of bubble size on the efficiency of inclusion 
removal. It can be seen that the variation of bubble size used in these experiments 
had no significant effect on the particle removal efficiency. Figures 7.37 to 7.44 show 
the effect of gas injector location on the efficiency of inclusion removal. It w as shown 
that the removal efficiency of particles at location 3 for gas flow rates where 
entrainment of the particles does not occur (i.e up to 3 l/min) relatively higher than 
the two other locations. “Slag" entrainment at this position w as observed to occur at 















Figure 7.28 Cold Model Experimental Results as a  Function of G as Injection Rate














D p = 0.076 -  0.105 mm 
D p  = 0 .1 0 5 -0 .1 5 0  mm 
D p = 0.150 -  0.210 mm 
D p = 0.210 -  0.250 mm
2.0 3.0 4.0 5.5 6.5
G a s  F l o w  R a t e  ( l / m i n )
Figure 7.29: Cold Model Experimental Results as a Function of Gas Injection Rate
and Particle Size for Bubble of Diameter 3 mm and Gas Injector Located at Position
2
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Figure 7.30 Cold Model Experimental Results as a Function of Gas Injection Rate
and Particle Size for Bubble of Diameter 3 mm and Gas Injector Located at Position
3
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Fig u re  7.31 Cold Model Experimental Results as a Function of G as Injection Rate 




Figure 7.32 Cold Model Experimental Results as a Function of Gas Injection Rate
and Particle Size for Bubble of Diameter 3.5 mm and Gas Injector Located at
190
Position3
Figure 7.33 Cold Model Experimental Results as a Function of Gas Injection Rate
and Particle Size for Bubble of Diameter 3.5 mm and Gas Injector Located at
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G a s  R o w  R a te  (l/ m in )
Figure 7.37 Cold Model Experimental Results as a Function of Gas Injection Rate
and Gas Injector Location for Bubble Diameter 3 mm and Particle of Diameter 75 -
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G a s  F lo w  R ate (l/m  in )
Figure 7.38 Cold Model Experimental Results as a Function of Gas Injection Rate
and Gas Injector Location for Bubble Diameter 3 mm and Particle of Diameter 105 -
150 pm
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Figure 7.39 Cold Model Experimental Results as a Function of Gas Injection Rate
and Gas Injector Location for Bubble Diameter 3 mm and Particle of Diameter 150 -
210 pm
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Figure 7.40 Cold Model Experimental Results as a Function of Gas Injection Rate
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Figure 7.41 Cold Model Experimental Results as a Function of Gas Injection Rate
and Gas Injector Location for Bubble of Diameter 3.5 mm and Particle of Diameter 75
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Figure 7.42 Cold Mode! Expérimentai Results as a Function of Gas Injection Rate
and Gas injector Location for Bubble of Diameter 3.5 mm and Particle of Diameter
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Figu re  7.43 Cold Model Experimental Results as a  Function of G as Injection Rate 
and G as injector Location for Bubble of Diameter 3.5 mm and Particle of Diameter 
150 -2 1 0  pm
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F ig u re  7.44 Cold Model Experimental Results as a Function of G as Injection Rate 
and G as Injector Location for Bubble of Diameter 3.5 mm and Particle of Diameter 
210 -  250 ¿im
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than the others. W hen gas injector located at positions 2 and 3 “slag* entrainment 
was observed to occur at gas flow rates above 6 .5 1/min.
7.2 M athem atical M odel R esults
7.2.1 M athem atical M odel R esults of Inclusion R em oval from  Tu n d is h  W ith o ut 
G as Injection
Th e  removal of inclusions in tundish at certain operating conditions can be predicted 
using equation 5.15, if the volume fiaction of the mixing and plug flow region can be 
determined. This equation was derived based on the assumption that the inclusion 
removal in the tundish only occur in the mixing and plug flow region, as previously 
described in Chapter 5. In order to determine the effect of the plug flow and mixing 
flow volume fiaction in the tundish, the removal of inclusion in both plug and mixing 
volume was determined.
Figure 7.45 illustrates the changes of the inclusion removal in the plug flow and 
mixing flow as the height of the fluid in tundish increase from 140 to 180 mm. In order 
to determine the removal of inclusion in the mixing region, equation 5.4 has been 
used to calculate the rate of constant (km) in the mixing region. Stokes law w as used 
to calculate rising velocity of the particles which is needed to determine the removal 
of inclusions in the plug flow region.
Referring to Figure 7.45, it was predicted using mathematical model that the removal 
of particles at the plug flow region slightly increased with increasing
203
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Fig u re  7.45: %  Removal of Particles at Plug and Mixing Flow Region as a Function 
of Fluid Height
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depth of fluid in tundish. Th e  removal of particles of diameter 75, 105, 150, 210 and 
250 nm in the plug flow region increased from 5 to 6 % , 10 to 12% , 19 to 22% , 34 to 
39 and 45 to 50%  respectively, as the fluid depth in the tundish increased from 140 
to 180 mm. This resulted in the increasing plug flow region from 27 to 32 % . Th e  
removal of inclusions in the mixing region was relatively constant with increasing 
depth o f the fluid, although the mixing volume fraction decreased from 56 to 4 7 % . 
Th e  reason for these results is that the removal efficiency increases exponentially to 
the increasing plug volume and proportionally to the mixing volum e, as shown in 
equation 5.15.
Th e  mathematical model also predicted that the removal of particles at the plug flow 
region was significantly dependent on particle size, whilst the removal of the particles 
in the mixing region was not dependent on the particle size, as illustrated in Figure 
7.45. For particles of diameter 75 jum, the removal of inclusion in the mixing region 
w as relatively higher than that in the plug flow region, i.e 6 6 %  of the particle rem oved 
resulted from mixing region. A s the particle size increased from 75 to 250 jim , the 
fraction of inclusion removed in the plug flow region increased from 3 4 %  to 81%  and 
become higher than that in the mixing flow region for tundish of 14 cm  depth. Th is  
fraction increased with increasing tundish depth due to the increasing removal of 
particles in the plug flow region, as shown in Figure 7.45. Th e  role of the plug flow 
region in determining the removal of inclusion in tundish increased as the size of the 
particle and the height of the fluid increased. Since the removal of inclusion in the 
plug flow region is governed by stokes rising velocity as described in equation 5.15,
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this also implies that the stokes velocity became important for the removal of 
inclusions larger than 105 pm.
Figure 7.46 represents the effect of the casting rate (the fluid velocity) on the 
inclusion removal in plug flow and mixing flow region. A s  seen, the increasing casting 
rates decreased the removal of inclusions in the plug flow, whilst it had insignificant 
effect on the removal of the particles in the mixing region. Th e  reason for these 
results is that the increasing of the fluid flow rate in the water model tundish 
decreased the volum e fraction of the plug flow region and only slightly increased the 
mixing flow in the tundish. Since the removal efficiency of the particles, according to 
equation 5.15, increased exponentially with increasing plug volume and 
proportionally to the mixing volume, the decrease of the removal efficiency in the 
plug volume is higher than the increasing removal efficiency in the mixing flow region. 
A s a result, the total removal efficiency decreased with increasing casting rate.
7.2.2 M athem atical M odel R esults o f In clu sio n  R em oval from  Tu n d is h  w ith  G as  
injection
Since the experimental tundish w as not uniformly aerated with g rs , the removal of 
inclusions due to the interaction between bubble and inclusion did not occur in the 
whole tundish. Therefore, it will be assumed that the removal of inclusions in a 
tundish blown by gas at certain operating conditions occurs according to a modified 
mixing model. In this model, the fluid flow regions in the tundish are assumed to 
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F ig u re  7 .4 6 : Th e  Effect of Fluid Flow Rate on Th e  Calculated Rem oval Efficiency
207
flow region and dead flow region as used in previous model. In the plug flow region, it 
will be assumed that the removal of inclusion in tundish is assumed to occur mainly 
due to the rising velocity of the particle. In the mixing region instead of using first­
order kinetic law as described by equations (4 .2 ) and (4 .3 ), the removal of inclusion 
mainly occurs due to the adhesion of inclusion to the bubbles, as described in 
section 5.2. Th e  flotation rate of particle in the mixing region therefore will be 
governed by collision efficiency between particle and bubbles. Th e  collision efficiency 
for a certain particle size can be determined by solving simultaneous non linear 
equations (5.24), (5.25), (5 .32) and (5 .33) using the fourth order Runge-Kutta 
method if the bubble size w as known. A  computer program to calculate this collision 
efficiency has been developed (Appendix A ).
The collision efficiency between polyethylene particles of 75, 105, 150, 210 and 250 
pm diameter and bubbles of 3 and 3.5 mm has been calculated using the computer 
program, described in Appendix A , to solve equation (4.24), (4.25), (4.32) and (4.33). 
Figure 7.47 shows the relationship between collision efficiency and particle size for a 
range of bubble diameter from 0.5 to 2 mm. It can be seen that collision efficiency
obviously increases with increasing particle diameter (D p) and with decreasing 
bubble diameter (Dfc).
The  magnitude of collision efficiency depends on fluid flow pattern around the bubble 
and the trajectory of the inclusion. A s  illustrated in Figure 5.3, the fluid flow around 
the bubble (shown by thin lines on the sketch) has a tendency to
208
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Fig u re  7.47 Calculated Collision Efficiency as Function of Particle and Bubble Size
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carry the small particles away from the central axis, so that only particles contained 
within a cylinder of radius Rc can m ake collision. Large inclusions, however, can 
establish their own paths which are distinct from the fluid stream lines. The  possible 
paths of large inclusion are illustrated by bold lines in the sketch. Th e  bigger the 
inclusion size, the deviation of the trajectory of particles from fluid streamlines 
increase, owing to the increase of gravitational force acting on it. It is thus resulting in 
increased collision efficiency.
As indicated by equation (5 .4 ), the collision efficiency between particles and bubble 
increases as the size of the bubble decreases. For example, reduction bubble size 
from 2 to 1 mm increases the collision efficiency between particle of diameter 40 mm 
and bubble from 6 .3 %  to 13.7% .
Reducing the bubble size does not only increase the collision efficiency based on 
single particle-bubble collision, but the total number of the bubble also increases 
when the volume of gas injected into molten metal is constant Th e  number of 
bubbles of radius R eforO g volum e of gas injected is
N b = 3 Q g/(4  7cRs3) (7.6)
If the cross sectional area of the central vertical column of radius Rc above the 
bubble is the area leading to collision, Ac, the total area leading to collision, Ate, when 
the volum e of gas injected to metal bath is Q , is
2 1 0
Ale Ac Nb (7.7)
or Aic = it Rc2 Nb (7.8)
Substituting equation (5 .4 ) for Rc and equation (7.6) for Nb into equation (7.8) gives,
Ate = 3 Ec Qg/(4 Rb) (7.9)
Th is  means that the total area leading to collision is proportional to (1/Rb) and Ec, 
which is a function of particle and bubble size, emphasising again the big possible 
effect of particle and bubble size on inclusion flotation.
If all particles colliding with bubbles will adhere onto the bubble and be floated 
to the free surface or slag, the theoretical inclusion flotation as a function of gas flow 
rates can be determined by equation 5.42. Figures 7.48 and 7.49 show the 
relationship between theoretical inclusion removal efficiency and gas flow rates for 
particles of diameter 75, 105, 150, 210 and 250 pm and for bubbles of diameter 3 
and 3.5 mm. It is indicated that the theoretical removal efficiency obviously increases 
with increasing gas flow rates. A s  described in equation (7.6), for constant bubble 
diameter, increasing gas flow rates increased the total number of bubbles.
Figures 7.48 and 7.49 also show that, the removal efficiency of the particle is a 
function of particle size. Increasing particle size significantly improved the removal of 
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Figure 7.48: Inclusion Removal Efficiency Predicted Using Flotation Model as a
Function of Gas Flow Rates and Particle Diameter For Bubble Diameter = 3 mm
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Figure 7.43: Inclusion Removal Efficiency Predicted Using Flotation Model as a
Function of Gas Flow Rates and Particle Diameter For Bubble Diameter = 3.5 mm
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between particle and bubble. It is also shown that more than 9 5 %  of the particles of 
diameter larger than 210 jim will be removed from the tundish for gas flow rate 2 to
6.5 l/min.
Figures 7.50 to 7.52 demonstrate the effect of bubble and particle diameter on 
inclusion removal for gas flow rates between 2 to 6.5 l/min. For certain gas flow 
rates, it is shown that the removal efficiencies of particle slightly increase as the 
bubble diameter decreased from 3.5 to 3 mm. A s  previously shown, the decrease of 
the bubble size increase the collision efficiency between particle and bubbles. 
Decreasing bubble sizes, at a constant gas flow rate, also increases the total number 
of the bubbles, as described by equation (7.6). Equation 5.35 shows that increasing 
total number of bubbles results in increases the removal efficiency of the particles.
Since in the experiment, the tundish w as not entirely aerated with gas, the removal 
efficiency of the particle is not only due to the adhesion of the particle to the bubble. 
It w as assumed that some of the particles separated in the plug flow region.
Th e  removal efficiency of particle in the plug flow region can be determined using 
equation (5.14), if the volume fraction of this region in tundish has been determined. 
Th e  information of plug flow volume fraction can be obtained from the residence 
time distribution data using equations (4 .9 .), (4 .10) and (4.11). Figures 7.14 to 7.17 
(d) show plug flow volum e fractions in tundish as a function of gas flow rates, bubble 













Figure 7.50: Inclusion Removal Efficiency as a Function of Bubble and Particle
















F ig u re  7.51: Inclusion Removal Efficiency as a Function of Bubble and Particle
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Fig u re  7.52: Particle Rem oval Efficiency as a Function of Bubble and Particle
Diameter Fo r G a s Flow  Rate = 6.5 l/min
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to determine the effect of the plug flow volume fraction in tundish blown by gas, the 
removal of inclusion in this region has been calculated. Figure 7.53 shows variation 
of inclusion removal efficiency in the plug flow region with gas flow rates and particle 
size. In Figure 7.53, it is shown that particle removal efficiency in the plug flow region 
initially increased with increasing gas flow rate from 0 to 2 l/min and leveled off with 
further increase of gas flow rate up to 3 l/min. Th e  particle removal efficiency then 
gradually decreased as the gas flow rate increased from 3 to 6.5 l/min. Th is  figure 
also shows that the removal of inclusion is greatly influenced by particle size. Since 
in the plug flow region the removal efficiency of the particles is governed by rising 
velocity of the particles, bigger particles have higher removal efficiencies compared 
to that of the smaller particles.
Figure 7.54 illustrates the effect of gas injector location in tundish on inclusion 
removal efficiency. A s seen, injection of gas at location 3 gives minimum removal 
efficiency for the gas flow rates 0 to 4 l/min. Since slag entrainment dearly occurs at 
this gas flow rate, experiment with further increase of gas injection was not being 
carried out for gas injector at location 3.
Th e  effect of bubble size on indusion removal in tundish was indicated in Figures 
7.55 to 7.57. It is shown that the indusion removal efficiency is independent on the 
bubble size. Th is is due to the fact that the size of the bubble has no effed on the 
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Figure 7.53: Particle Removal Efficiency as a Function of G as Flow Rate and 
Particle Size for Bubble Diameter 3 mm and G a s injector Located at 
Position 1.
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Fig u re  7.55: Particle Removal Efficiency at Plug Flow  Region as a Function of G as 
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F ig u re  7.56: Particle Removal Efficiency at Plug Flow  Region as a 
Function of G as Flow  Rates and Bubble Diameter for G as Injector
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F ig u re  7.57: Particle Removal Efficiency at Plug Flow  Region as a Function of G as 




Th e  experimental results, shown in Figure 7.26 and Figure 7.27, indicated that the 
height of the tundish and the fluid flow rates (casting rates) influenced the removal 
efficiency of the particle in tundish. A s  the height of the tundish increased the 
removal efficiency of the particle decreased, while the increase of the casting rates 
reduced the removal efficiency of the particles.
Figures 7.28 to 7.30 show  that the injection of the gas in tundish greatly improved the 
inclusion removal efficiency. Figures 7.28 and 7.29 indicated that for the gas injectors 
placed at locations 1 and 2 the increasing gas flow rates from 2 to 5.5 l/min resulted 
in increasing the removal efficiency of the particle. Further increase of the gas 
injection from 5.5 to 6.5 l/min resulted in decreasing particle removal efficiency in 
tundish. It w as observed that re-entrainment of particles in the slag at high gas flow 
rates occured which may explain this decrease in particle removal efficiency. It was 
also observed that slag entrainment occured at lower gas flow rates, i.e 4 l/min, 
when gas injector w as located at position 3. Therefore, for this location, the removal 
efficiency of the particles increased with increasing gas flow rates from 2 to 3 l/min 
but decrease with further increase of gas flow rates, as indicated in Figure 7.30.
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Figures 7.34 to 7.36 showed that the variation of bubble size used in these 
experiments had no significan effect on the particle removal efficiency. Th is  may be 
due to the fact that the experimental tundish w as not uniformly aerated with gas. 
Therefore, the removal efficiency of the particle in tundish w as governed not only by 
the attachment of the particles to bubbles as previously discussed in section 7.2.2.
A  general conclusion may be drawn for all cases, that is, the inclusion removal in the 
experimental tundish was influenced by fluid flow characteristic in tundish, i.e the 
height of tundish, the fluid flow rates and the gas injection in tundish.
Before assessing the predictive power of the mathematical model in comparison with 
the experimental results, it is proper to first appraise the possible experimental 
errors. Th e  following points are considered the difficulties or otherwise tbe defects in 
the course of measurements and here are subjected for further refinements;
1) . Although the water flow w as always kept stationary before performing
measurements by adjusting the input valve, it sometimes deviates from the 
setting due to the changes in the water tab pressure. For eliminating this effects, 
the use of precision water pump to input the fluid (water) is suggested.
2 ) . Tem perature changes of the inlet water due to the variation of the tab water
temperature may resulted in inaccuracy of the measurable temperature and 
subsequently resulted in inaccuracy in R TD  measurements. It is believe that this 
problem could be partly solved by controlling the temperature of the intervening 
water.
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3 ) . For injecting the particle continuously at constant particle flowrates, it is
necessary to use media in which polyethylene particles can be mixed well. Since 
polyethylene particles are wetted by methanol and methanol can be easily 
dissolved in water, it was decided to use methanol as media to obtain perfectly 
mixing slurry. Although continuous injection of the particle can be obtained, the 
effect of methanol on the surface characteristic of the polyethylene particle 
should be determined.
4 ) . Th e  size distribution of the particle can not be determined by using present
experimental devices. Therefore the spectra distribution of the particle cannot be 
obtained in this study. It is suggested to use the electric sensing zone (E S Z ) 
device, as developed by Nakajima eta!. (1990), in further research to obtained 
the spectra distribution of the particles. Th e  results of the measurement of 
particle removal efficiency using E S Z  device will be more appropriate to be 
compared with mathematical model results developed in this study.
Turning now to the comparison between the computed and measured results, 
several points regarding the assumptions used in the development of the 
mathematical m odels should be m ade dear,
1). Th e  vertical velocity of particles are greatly influenced by fluid flow velocity 
distribution especially for small size particles. Small partides tend to follow the 
fluid motion. In the mathematical model, it was assumed that the vertical velocity 
of partides follows Stake's velocity.
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2 ) . In the case of tundish bubbled by gas, not all collisions between particles and
bubbles result in attachment of the particles to the bubbles. Therefore, the actual 
collision efficiency will be lower than calculated collision efficiency.
3 ) . All polyethylene particles reaching the slag layer will be absorbed. Visual 
observation indicated that some of the small particles followed the fluid flow and 
were not adsorbed by slag.
Based on this understanding, the following comparison are thought only to be 
within the limited accuracy which is allowed for under the present circumtances.
Th e  mathematical model developed in the present work is only able to be used to 
predict the removal efficiency of single size particles. In order to compare 
mathematical model and cold model results, therefore it w as decided to use the 
smallest and biggest particle size (limit size of particles) used in the cold model as 
the particle size in the mathematical model. Good relation between mathematical and 
cold model results is obtained if the removal efficiency of particle obtained from cold 
model experiment is in the range of predicted values using limit size of particles used 
in the experiment.
Figure 8.1 is a plot of removal efficiency of the particles versus the fluid height. Th e - 
line curves represent the calculated removal efficiency using mathematical model, 
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Figure 7.36 Cold Model Experimental Results as a Function of Gas Injection Rate 
and Bubble Size for G as Injector Located at Position
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Figure 7.35 C o ld  M o d e l E x p e rim e n ta l R e su lts  a s  a  F u n ctio n  o f G a s  Injection R a te  
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F l u i d  H e i g h t  ( m)
-------  Dp = 0.075 mm (Mathematical Model)
------- Dp = 0.105 mm (Mathematical Model)
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□  Dp = 0.105-0.150 mm (Experiment)
A  Dp = 0.150-0.210 mm (Experiment)
O  Dp = 0.210-0.250 mm (Experiment)
Figure 8.1: T h e  Effect of F lu id  H e ig h t on  the R e m o v a l Efficiency of the  Particles
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values. Both experimental and calculated results show that the increasing depth of 
the bath tends to increase the removal efficiency of particle. It was also shown that 
the removal efficiency of particle is greatly affected by particle size.
Figure 8.2 illustrates the effect of casting rate on the inclusion removal efficiency in 
tundish. Th e  line curves represent calculated removal efficiency using mathematical 
model, whilst scattered marks represent experimental values obtained using water 
model. Experimental results show that the increasing casting rate resulted in a 
decrease in the particle removal efficiency. Th is  figure also shows that the removal 
efficiency of particles was dependent on the particle size. Th e  removal efficiencies of 
the bigger particles w ere higher than that of the smaller ones. Calculated results 
show  that the effect of casting rate in the plug flow region w as significant for the big 
size particles, whilst it became insignificant as the size of the particle down to 75 pm, 
as illustrated in Figure 8.2
Referring to Figure 8.1 and 8.2, it can be seen that relatively good agreem ent w as 
obtained between predicted and experimental results. Most of the experimental 
values were in the range of predicted values using limit size of the particle used in 
the experim ent A s  an example, the removal efficiencies of the particle in the size 
range 75-105 pm obtained from experiment were in the range of values predicted 
using particle size of 75 and 105 pm.
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Fig u re  8.2: T h e  Effect of F lu id  F lo w  R a te  on the  Particle  R e m o v a l
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Figure 8.3 to 8.8 show calculated and experimental results of particle removal 
efficiency as a function of gas flow rate and particle size. A s shown in Figures 8.3, 
8.4, 8.6 and 8.7, for gas injector located at position 1 and 2 with gas flow rates lower 
than 5.5 i/min relatively good agreement between experimental and mathematical 
model results was obtained. A t gas flow rates higher than 5.5 l/min, experimental 
results showed decreasing particle removal efficiency, whilst the mathematical model 
predicted that the removal efficiency of particle still increases. A s seen in Figures 8.5 
and 8.8, for gas injector located at position 3 with gas flow rates lower than 3 l/min, 
relatively good agreement was obtained between the mathematical model and cold 
model results. A t gas flow rates higher than 3 i/min, experimental results show that 
the removal efficiency of particles decreases, whilst the mathematical model 
predicted that the removal efficiency of particles increases. Th e  discrepancy between 
mathematical and experimental results exists due to the re-entrainment of the 
polyethylene particles from the slag at high gas Dow rates.
Although there are good agreements between mathematical model and cold model 
results, significant development is required before accurate models can be 
confidently applied to an industrial operation. It should be kept in mind that several 
processes occurring at high temperatures such as collision and coagulation of 
inclusions and attachment of inclusions to the tundish were not considered in this 
study. Also, whilst it can be argued that it is sound to base of a cold model of a 
tundish on the Froude number criteria, this criteria does not consider the large 
differences between the behaviour of the air injected into a shallow bath of water and 
gas injected into relatively deep bath of molten steel. Similarly, the Froude criteria
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does not consider the important surface and transport properties at the siag/metal 
interface that will certainly influence the “capture” of inclusions in a tundish. Th e  
results do however suggest how processing parameters such as tundish height, fluid 
flow rate (casting speed), gas injection rate and bubbler position, influences inclusion 
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□ D p  = 0 .0 7 5 -0 .1 0 5  m m  (Exp e rim e n t)
o D p  = 0 .1 0 5 -0 .1 5 0  m m  (E xp e rim e n t) 
a  D p  = 0 .1 5 0 -0 .2 1 0  m m  (E xp e rim e n t) 
o D p  =  0 .2 1 0 -0 .2 5 0  m m  (E xp e rim e n t)
2 .0  3 .0  4 .0  5.5  6 .5
G a s  F l o w  R a t e  ( l / m i n )
Figure 8.3 Predicted and Cold Model Experimental Results as a Function of Gas
Injection Rate and Particle Size for Bubble of Diameter 3 mm and Gas Injector



















—  Dp = 0.075 mm (Mathematical Model)
—  Dp = 0.105 mm (Mathematical Model) 
Dp = 0.150 mm (Mathematical Model)
—  Dp = 0.210 mm (Mathematical Model)
—  Dp = 0.250 mm (Mathematical Model) 
□ Dp = 0.075-0.105 mm (Experiment)
o Dp = 0.105-0.150 mm (Experiment) 
a Dp = 0.150-0.210 mm (Experiment) 
o Dp = 0.210-0.250 mm (Experiment)
2 . 0  3. 0 4 . 0  5. 5 6 . 5
G a s  F l o w  R a t e  ( l / m i n )
Figure  8.4 P re d ic te d  a n d  C o ld  M o d e l E x p e rim e n ta l R e s u lts  a s  a  F u n c tio n  o f G a s  
Injection R a te  a n d  P a rtic le  S iz e  fo r B u b b le  o f D ia m e te r 3 m m  a n d  G a s  In jector

























Dp = 0.075 mm (Mathematical Model) 
Dp = 0.105 mm (Mathematical Model) 
Dp = 0.150 mm (Mathematical Model) 
Dp = 0.210 mm (Mathematical Model) 
Dp = 0.250 mm (Mathematical Model) 
Dp = 0.075-0.105 mm (Experiment)
Dp = 0.105-0.150 mm (Experiment)
Dp = 0.150-0.210 mm (Experiment)
Dp = 0.210-0.250 mm (Experiment)
2.0 3 .0 4 .0
G a s  F l o w  R a t e  ( l / m i n )
Figure 8.5 Predicted and Cold Model Experimental Results as a Function of Gas
Injection Rate and Particle Size for Bubble of Diameter 3 mm and Gas























Dp = 0.075 mm (Mathematical Model) 
Dp = 0.105 mm (Mathematical Model) 
Dp = 0.150 mm (Mathematical Model) 
Dp = 0.210 mm (Mathematical Model) 
Dp = 0.250 mm (Mathematical Model) 
Dp = 0.075-0.105 mm (Experiment) 
Dp = 0.105-0.150 mm (Experiment) 
Dp = 0.150-0.210 mm (Experiment) 
Dp = 0.210-0.250 mm (Experiment)
3.0 4.0 5.5
G as F lo w  Rate (l/m in)
6.5
Figure 8.6 Predicted and Cold Model Experimental Results as a Function of Gas
Injection Rate and Particle Size for Bubble of Diameter 3.5 mm and
























Dp = 0.075 mm (Mathematical Model) 
Dp = 0.105 mm (Mathematical Model) 
Dp = 0.150 mm (Mathematical Model) 
Dp = 0.210 mm (Mathematical Model) 
Dp = 0.250 mm (Mathematical Model) 
Dp = 0.075-0.105 mm (Experiment)
Dp = 0.105-0.150 mm (Experiment)
Dp = 0.150-0.210 mm (Experiment)
Dp = 0.210-0.250 mm (Experiment)
3.0 4.0 5.5 6.5
G as F lo w  Rate (l/m in)
Figure 8.7 Predicted and Cold Model Experimental Results as a Function of Gas
Injection Rate and Particle Size for Bubble of Diameter 3.5 mm and



















—  D p  = 0 .0 7 5  m m  (M a th e m a tica l M o d e l)
—  D p  = 0 .1 0 5  m m  (M a th e m a tica l M o d e l) 
D p  =  0 .1 5 0  m m  (M a th e m a tica l M o d e l)
—  D p  = 0 .2 1 0  m m  (M a th e m a tica l M o d e l)
—  D p  =  0 .2 5 0  m m  (M a th e m a tica l M o d e l) 
□ D p  = 0 .0 7 5 -0 .1 0 5  m m  (E x p e rim e n t)
o D p  =  0 .1 0 5 -0 .1 5 0  m m  (E x p e rim e n t) 
a  D p  = 0 .1 5 0 -0 .2 1 0  m m  (E x p e rim e n t) 
o D p  =  0 .2 1 0 -0 .2 5 0  m m  (E x p e rim e n t)
2 .0  3 .0  4 .0
G a s  F lo w  R a te  (l/m in )
Figure 8.8 Predicted and Cold Model Experimental Results as a Function of Gas
Injection Rate and Particle Size for Bubble of Diameter 3.5 mm and




Th e  following conclusions have been drawn from the mathematical model and
experimental results:
1. Residence Tim e Distribution measurements using a heat pulse showed that fluid 
flow behaviour in the cold model tundish was influenced by the depth of the 
tundish, fluid flow rate (casting rate), and gas injection.
2. Th e  predicted results obtained from the mixed model for inclusion removal in 
tundish without gas injection are in good agreement with the experimental results. 
Both predicted and experimental result show that the removal of inclusions in the 
cold model tundish sligthly increased with increasing depth of the tundish and 
decreased with increasing fluid flow rate (casting rate). It was also shown that the 
removal of the particle is greatly influenced by particle size. Increasing particle 
size resulted in increasing particle removal.
3. Both mathematical and experimental results for removal of particles in the cold 
model tundish bubbled by gas showed that gas injection in tundish greatly 
increased particle removal efficiency. Experimental results indicated that after a 
certain gas flow rate, the removal efficiency of the particle decreased because of 
re-entrainment of the particles from the slag stimulate to the fluid.
4. Th e  mathematical model suggested that bubble size influenced the removal 
efficiency of particle in tundish, whilst experimental result showed that the removal 
efficiency was independent of bubble size.
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5. Both mathematical model and cold model experimental results showed that the 




10 ‘P R O G R A M  F O R  D E TE R M IN A TIO N  O F  T H E  C O LLIS IO N  E F F IC IE N C Y  B E T W E E N  A  BUBBLE 
A N D  P A R T IC L E S ’
21 D E C L A R E  S U B  K U T T A  (X, Y , U, V, T , H)
22 D E C L A R E  F U N C T IO N  FR  (X, R, U, V , T )
23 D E C L A R E  F U N C T IO N  C D  (V)
24 D E C L A R E  F U N C T IO N  F X  (X, R, U, V, T )
25 D E C L A R E  F U N C T IO N  V E L B  (R B )
26 D E C L A R E  F U N C T IO N  V E L P  (R P )
27 D E C L A R E  F U N C T IO N  FB  (V)
28 D E C L A R E  F U N C T IO N  F P  (V )
29 D E C L A R E  F U N C T IO N  C D P  (V P )
30 D E C L A R E  F U N C T IO N  C D B  (V B )
35 COMMON SHARED D, NU, PI, RB, RP, RHOP, RHOB, UT 
50CLS
75 P R IN T  “ A  P R O G R A M  IS R U N N IN G  !!!!’
76 P R IN T
77 P R IN T  “ P L E A S E  D O N T  IN T E R U P T  !!!!!’
78 P R IN T
80 RB = .001 12
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85 R P  = .000075 /2
90 R H O P  = 910
100 R H O B  = 1.22
110 R H O F = 1000
130 N U  = .000001
140 P! = 3.14159
150 D T  = .005
165 R H O B  = R H O F  / R H O B
175 R H O P  = R H O F  / R H O P
180 U T B  = V E L B (R B )
190 ‘C O N S ID E R  T E N  D IF F E R E N T  P A R TIC L E  SI2E
210 L P R IN T a C A L C U L A T E D  C O L LIS IO N  E FFIC IE N C Y *
214 L P R IN T  “ F O R  B U B B LE  R A D IU S  RB; “M*
216 L P R IN T  “--------------------------------------------------------------------------------------------------------------------■
217 L P R IN T “ P A R TIC L E  ! C O L U S IO N  ! R E L A TIV E  ! P A R T IC L E  ! B U B B LE *
218 L P R IN T  “R A D IU S  (M ) ! E F F IC IE N C Y  (% )  ! V E L O C IT Y  (M/S) ! V E L O C IT Y  (M/S) ! V E L O C IT Y  
(M/S y
219 LPRINT “---------------------------------------------------------------------------------------------------“
220 b = 1
230 F O R  j%  = 1 T O  5
250 ‘D E TE R M IN A TIO N  O F  T H E  TE R M IN A L  V E L O C IT Y  O F  T H E  B U B B L E  A N D  P A R T IC L E
290 UTP = VELP(P)
300 U T = U T B -U T P
310 ‘S P E C IF Y  T H E  L O C A T IO N  O F  T H E  F IR S T  P A R TIC L E  O N  T H E  C E N T R E L IN E
330 XO = -10
3 4 0  R 0 1  =  0
3 5 0 1 1  = 1
360 S P E C IF Y  T H E  L O C A T IO N  O F  T H E  S E C O N D  P A R TIC L E .
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370 DRO ».0 5
380 R 0 2  = R01 + D R O
390 TO  = 0 
400 U O  = U T P
410 V O  = -1.5 * X O  * R 0 2  / (X O  * X O  + R 0 2  * R 0 2 ) A 2.5
420 F O U R T H -O R D E R  R U N G E -K U T T A  M E T H O D  F O R  D ETE R M IN A TIO N  O F  T H E  P O S ITIO N  AN D  
V E L O C IT Y  F O R  T H E  S E C O N D  P A R TIC L E
460 T  = T0
470 X  = X O
480 R = R 0 2  
490 U  = U O  
500 V  = V O
510 C A LL  K U T T A (X , R, U, V , T , D T )
515 S A  = S Q R (X  * X  + R  * R )
520 IF S A  <= (1 + R P  / R B ) G O T O  550
530 I F X > 1  G O T O  570
540 G O T O  510
55012 = 1
560 G O T O  580
570 I2 = -1
580 C H E C K IN G  T H E  P R O D U C T  O F  11 A N D  I2
600 IF (11 * I2) = -1 T H E N  605 E L S E  610
605 D R O  = -D R O / 2
607 E P S L O N  = .0005
610 IF A B S (D R O ) < E P S L O N  G O T O  644
620 R01 = R 0 2
63011 = I2
640 R 0 2  = R 01 + D R O
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642 G O T O  400
644 E  = (R 0 2  -  RP / RB) A 2
646 LP R IN T U S IN G  “ #.######"; RP;
648 L P R IN T  U S IN G  ‘ #.######■; E;
650 L P R IN T  U SIN G  “ #.######"; U T;
652 L P R IN T  U SIN G  “ #.######■; UTP;
654 L P R IN T  U SIN G  ‘ #.######•; U TB
656 IF b = 1 T H E N  RP = RP + (.00003/2)
657 IF b = 2 T H E N  RP = RP + (.000045/2)
658 IF b = 3 T H E N  RP = RP + (.00006/2)
659 IF b = 4 T H E N  RP = RP + (.00004/2)
660 b = b +1 
662 N E X T  j%
664 E N D
3000 FUNCTION CDB (VB) STATIC
3180 R EB  = A B S (V B ) * 2 * R B / N U
3190 IF R E B  = 0 T H E N  C D B  = 0 
3200 IF R EB > 0 A N D  R EB  <= 1 T H E N  C D B  = 24 / R EB  
3210 IF R EB > 1 A N D  R E <= 400 T H E N  C D B  = 24 / R EB  A .646 
3220 IF R EB > 400 A N D  R E B  <= 300000! T H E N  C D B  = .5 
3230 IF R E B  > 300000! A N D  R E B  <= 2000000! T H E N  C D B  = .000366 * R E B  A .4275
3240 IF REB > 2000000! THEN CDB = .18
3250 E N D  F U N C T IO N
1160 F U N C TIO N  C D P  (V P ) S T A T IC
1161 S H A R E D  RP
1180 R E P  = A B S (V P ) *2 * R P / N U
1190 IF R EP = 0 T H E N  C D P  = 0
1200 IF R EP > 0 A N D  R EP <= 1 T H E N  C D P  = 24 / R EP
1210 IF R EP > 1 A N D  R EP <= 400 TH E N  C D P  = 24 / R E P  A .646
1220 IF REP > 400 AND REP <= 300000! THEN CDP = .5
1230 IF REP > 300000! A N D  R E P  <= 2000000! T H E N  C D P  = .000366 # R EP A .4275
1240 IF REP > 2000000! THEN CDP * .18
1250 E N D  F U N C TIO N
890 F U N C T IO N  FB  (V B ) S T A T IC
910 S H A R E D  RB, R H O B
920 G  = 9.8
925 DB = 2 * RB
930 AB = 1 + R H O B / 2
940 BB = (1 -  R H O B ) * G
950 C B  = 3 * R H O B  / (4  * D B )
960 FB = (BB * CB * VB * ABS(VB) * CDB(VB)) / AB
970 E N D  F U N C TIO N
2500 F U N C TIO N  FP (V P )
2505 S H A R E D  RP, R H O P  
2520 G  = 9.8 
2525 DP = 2 * RP 
2530 A P  = 1 + R H O P / 2  
2540 BP = (1 -  R H O P ) * G  
2550 CP  = 3 * R H O P  / (4  * D P )
2560 FP = (BP - CP * VP * ABS(VP) * CDP(VP)) / AP
2570 E N D  F U N C T IO N
1070 F U N C T IO N  F R  (X, R, U , V, T )  S T A T IC  
1090 S H A R E D  R H O P , U T B
1100 U F  = 1 + ( R * R / 2 - X * X ) / ( X * X  + R * R ) A 2.5
21110 VF = -1.5 + X * R / ( X * X  + R * ' R ) A2.5 
1120 W R  = S Q R ((U F  -  U ) A 2 + (V F  -  V ) A 2)
1130 C D  IS C O M P U T E D  B A S ED  O N  T H E  D IM EN S IO N A L R E L A TIV E  V E L O C IT Y  
1140 F R  = .375 * RB / RP * C D P (U T B  * W R ) * (V F  -  V ) * W R  * R H O P  / (1 + R H O P  / 2 )
1150 END FUNCTION
980 F U N C T IO N  FX  {X, R, U, V, T )  S T A T IC
995 S H A R E D  R H O P , U TB
1010 U F  = 1 + ( R * R / 2 - X * X ) / ( X * X  + R * R ) A (2.5) 1020 V F  = - 1 . 5 * X * R / ( X * X  +  R ^ R ) A 2.5 
1030 W R  = S Q R ((U F  -  U ) A 2 + (V F  -  V ) A 2)
1040 ‘C D  IS C O M P U T E D  B A S ED  O N  T H E  D IM EN SIO N AL R E L A TIV E  V E L O C IT Y
1050 F X  = (.375 * RB / RP * C D P (U T  * W R ) * (U F  -  U ) * W R  + RB * (1 -1  / R H O P ) * G  / U T B  A 2) * 
R H O P  / (1 +  R H O P / 2)
1060 END FUNCTION
1260 S U B  K U T T A  (X, R, U, V, T , D T )
1270 ‘F O U R T H  O R D E R  R U N G E  K U T T A  FO R M U LA E
1275 IF RP <= .0001 T H E N  D T  = .005 E L S E  D T  = .05
1280 D 1X  = D T  * U
1290 D 1R  = D T  * V
1300 D 1U  = D T  * FX (X , R, U, V, T )
1310 D 1 V  = D T  * FR (X , R, U, V, T )
1320 D 2X  = D T  * (U  +  D1U / 2)
1330 D 2R  = D T  * (V  + D 1V  / 2)
1340 D 2 U  = D T * F X ( X  + D 1 X /2 ,  R + D 1 R /2, U + D 1 U 12, V  + D 1 V / 2 ,  T  + D T / 2 )
1350 D 2 V  = D T  * F R (X  + D1X /2, R + D1R /2, U  + D1U /2, V  + D 1 V /2, T  + D T / 2 )
1360 D 3 X  =  D T  * (U  + D2U / 2)
1370 D 3 R  = D T  * (V  + D 2V  / 2)
1380 D 3 U  = D T  * FX (X  + D 2 X /2 ,  R  + D 2 R / 2 ,  U + D2U / 2, V  + D 2 V / 2 ,  T  + D T / 2 )
1390 D 3 V  = D T  * F R (X  + D 2 X / 2 ,  R + D 2 R / 2 ,  U + D2U /2, V  + D 2 V / 2 ,  T  + D T / 2 )
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1400 D4X = DT * (U + D3U)
1410 D4R = D T  * (V  + D 3V)
1420 D4U = D T  * FX (X  + D3X, R  + D3R, U + D3U, V  + D3V, T  + D T ) 
1430 D4V = D T  * F R (X  + D3X, R  + D3R, U + D3U, V  + D3V, T  + D T ) 
1440 T  = T  + D T
1450 X  = X  + (D1X + 2 * D 2X  + 2 * D3X + D 4X) / 6 
1460 R = R + (D1R + 2 * D2R + 2 * D 3R  + D 4R ) / 6 
1470 U = U + (D1U + 2 * D2U + 2 * D 3U  + D 4 U ) / 6  
1480 V  = V  + (D 1V  +  2 * D 2V + 2 * D 3V + D 4V) / 6 
1490 E N D  SUB
665 F U N C TIO N  V E L B  (R B ) S T A T IC
670 DB = 2 * RB
680 HB = .0005
690 T B  = 0
700 ZB  = 0
710 V B  = 0
720 ‘U S E  R U N G E -K U T T A  M E T H O D  
730 D1ZB = HB * V B  
740 D1VB = HB * FB (V B )
750 D2ZB = HB * (V B  + D1 V B  / 2)
760 D2VB = HB * FB (V B  + D1 V B  / 2 )
770 D3ZB = HB * (V B  + D 2 V B / 2 )
780 D3VB = HB * FB (V B  + D 2VB / 2)
790 D4ZB = H B ‘ (VB  + D 3V B )
800 D4VB = HB * FB (V B  D 3V B )
810 T B  = T B  > HB
820 Z B  = ZB  + (D 1ZB  + 2 * D2ZB + 2 * D3ZB + D4ZB) / 6
830 VTB1 = V B  + (D 1V B  + 2 * D2VB + 2 * D 3V B  + D4VB) / 6
840 IF A B S (V TB 1  -  V B ) < .00001 G O T O  870
850 V B  = VTB1
860 G O T O  730
870 V E L B  = VTB1
880 E N D  F U N C T IO N
2000 FUNCTION VELP (RP) STAT1C
2010 DP = 2 * RP
2020 H P  = .00005 
2030 T P  = 0 
2040 ZP  = 0 
2050 V P  = 0
2060 ‘U S E  R U N G E -K U T T A  M E TH O D  
2070 D 1ZP = HP * V P  
2080 D1VP = H P  * F P (V P )
2090 D 2ZP  = HP * (V P  +  D1VP 12)
2100 D 2V P  = HP * F P (V P  + D1 VP / 2)
2110 D 3ZP = HP * (V P  + D2VP / 2)
2120 D 3V P  = H P * F P (V P  + D2VP /2)
2130 D4ZP = HP * (V P  + D 3VP)
2140 D4VP = H P * F P (V P  + D3VP)
2150 T P  = T P  + H P
2160 Z P  = Z P  + (D 1 Z P  + 2 * D2ZP + 2 * D3ZP +  D4ZP) / 6
2170 V TP1 = V P  + (D1 V P  + 2 *  D2VP + 2 * D 3VP + D4VP) / 6
2180 IF A B S (V TP 1  -  V P ) < .0000001 G O T O  2210
2190 V P  = VTP1
2200 G O T O  2070
2210 V E L P  = V T P 1
2220 E N D  F U N C T IO N
APPENDIX B
CALCULATION FOR BUBBLE SIZE
The bubble formation at gas sparged devices depends on the applied gas flow rates. 
Bhavaraju et al. (1978) reported that at low gas flow rate the bubble size is a 
function of orifice diameter, surface tension and buoyancy as described in the 
following equation;
r ,  . \Yi6 crdQ
g ( A ” A
(7.1)
where de = the diameter of the bubble
o = surface tension 
do = the orifice diameter 
g = acceleration due to gravity 
pi = fluid density 
pg = gas density
Above a certain transition gas flow rate, the bubble size increases. This transition 
gas flow rates is given by
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(7.2)Q t = «r
where fT = Us/de (7.3)
Th e  rise velocity U b of the bubble whose diameter is dB is given by Stoke’s relation
r
U B =
g  P i
Vis ft)
and Mendhelson’s relation
for Res < 1 (7.4)
U B =
2<7 + g dB 
Pi 2
0.5
for Ree » 1 (7.5)
A s the gas flow rate Q g  used in this experiment lower than that of transition gas rate, 
the bubble size is independent on the gas flow rates (Bhavaraju, etal, 1978).
In the present work, the bubble size was predicted using procedure developed by 
Bhavaraju et.al (1978) as follows:
1. Calculate diameter of bubble using the following equations
<feo =
f 6 dg ^
g ( P i - p g ) j
where a  is the surface tension, do is the diameter of orifice, g  is acceleration due
to gravity, pj is liquid density and pg is gas density.
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2. Calculate U bo  from
U b o  =
SA
18/4.
where m is liquid viscosity
3. Calculate Reynold number of bubble 
Res = f  A  U B0 ^
v u J





For Reg » 1
i /
Q j = 0 3 8  g 2






6. For Q G  < Q T  bubble size can be obtained by equation B.1. Since in this 
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